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A b stract
The w o rk  in this thesis describes the d ev e lo p m en t of n ew  w ays  of 
p ic tu r in g  p ro te in s  th a t  ass is t  in  u n d e r s t a n d i n g  b o th  th e ir  th ree -  
d im e n s io n a l  s t ru c tu re  a n d  the  r e la t io n s h ip s  b e tw e e n  it a n d  the ir  
sequence.
P ro te ins  are ex trem ely  com plex th ree -d im ensiona l objects tha t n eed  
to be e x a m in e d  a t  severa l levels  of s t ru c tu re :  o v e ra l l  sh ap e ,  chain  
s tru c tu re  an d  folding, secondary  s truc tu re ,  a tom ic details  an d  sequence. 
M an y  fu r th e r  levels can be ad d e d .  It is d ifficu lt to d isp la y  all such  
in fo rm ation  in one  p ic tu re  for these very  large molecules, because  of the 
h u g e  a m o u n t  of detail involved. In the p re sen t  w ork , I have  deve loped  
n o v e l  fo rm s  of d is p la y  th a t  a l lo w  th e  u s e r  to focus  on  fe a tu re s  
ap p ro p r ia te  at the different levels. The w in d o w  m a n a g e m e n t  techniques 
in c o rp o r a te d  in th e  C o lo u r  W h i te c h a p e l  W o rk s ta t io n  (CG-1) a re  
e m p lo y e d  so th a t  th e  m u l t i - le v e l  d i s p la y s  can  be  m a n ip u la t e d  
in teractively  an d  d isp layed  s im ultaneously .
A special fea tu re  of m y system  is the w ay  I h ave  d e v e lo p ed  new  
strategies for ind icating  depth . A com bination  of w e ll-know n techniques 
for d e p th  p e rc e p t io n  w ith  som e n e w  ones  d e v e lo p e d  in th is  w ork ,  
h av e  m a d e  it possib le  to create m ode ls  of p ro te in s  w h ich  s t im u la te  the 
im a g in a t io n  of b iochem ists ,  w h ile  m in im iz in g  tim e de lays  for d isp lay  
or m an ipu la t ion  of the images. These techniques can be app lied  generally  
over various fields of C om pu te r  G raphics such as C A D /C A M  systems.
This n e w  ty p e  of c o m p u te r  g e n e ra te d  p ic tu re  a l low s the three- 
d im en s io n a l  h y d ro g en  b o n d  pa t te rn s  of loops an d  secondary  s truc tu ra l 
features to be disp layed . A recursive a lgorithm  has been deve loped  that 
differentiates be tw een  various sorts of hyd ro g en  b o n d  patterns.
A fu r th e r  n ove l ty p e  of p ic tu re  d e v e lo p e d  in the  p re s e n t  w o rk  
disp lays  h y d ro g en  b onds  in p ro te ins  in re la tion to the p r im ary  structure , 
ra the r  than, as in m ore  conventional p ictures, in the context of the three- 
d im ens iona l s tructure .  I refer to these d isp lays  as d iag ram m atic  views. 
For such  view s, tw o different algorithm s are described  (one for the inter- 
m a incha in  hy d ro g en  b onds  an d  the o ther  for the sidechain  — m ainchain  
ones). In the p ic tures, h y d ro g en  b o n d s  are d ra w n  d iag ram m atica lly  so 
tha t all can be  clearly seen and  all secondary  s tru c tu re  features and  loop 
m otifs po rtrayed . N o  other kn o w n  com pu ter-genera ted  p ic tu res  p rov ide  
such  com prehensive  in form ation  abou t this aspect of proteins.
T he  r e s e a rc h  p r o v id e s  a n e w  too l to h e lp  p r e d ic t io n  of 
th ree -d im en sio n a l  s truc tu re  from  sequence. It is of im portance  because 
it  a l low s  the  re la t io n s h ip  b e tw e e n  th re e -d im e n s io n a l  s t r u c tu re  a n d  
sequence to be readily  investigated.
Introduction
Chapter 1
I N T R O D U C T I O N
1 • 1 PROTEIN STRUCTURE DETERMINATION 
1 • 1 • 1 The Problem
M a n y  p ro b le m s  of m o d e rn  b io lo g y  are  co n c e rn e d  w ith  the 
re la t io n sh ip  b e tw een  biological function  and  m olecular s tructure. It is 
only w hen  the three-d im ensional s truc tu res  of all m olecular com ponen ts  
of a biological system  are u n d ers to o d  and  apprec ia ted , that b iochem ists  
are in a position to answ er the fundam en ta l questions.
The critical d e te rm inan t of the biological function of a pro te in  is its 
conform ation. This is defined  as the th ree-d im ensional a r ran g em en t of 
the atom s of a molecule. It can be de te rm ined  by m eans of a technique 
k n o w n  as X-ray crys ta l lography  [KENDR61]. D espite  the fact that the
1
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s truc tu re  of m ore  than tw o h u n d re d  and  fifty proteins have  been derived  
from  it, the m e thod  is tedious and  time consum ing. O n average, 5 to 10 
m a n -y e a rs  are  re q u ire d  for one. O n the o th e r  h a n d ,  the w o rk  of 
A n f in sen  [A NFIN  73] d e m o n s t ra te d  for the  first tim e th a t  the  three- 
d im ensional s truc tu re  of a pro te in  is specified by its am ino  acid sequence. 
This e x p e r im e n t  w as  b ased  on  the fact tha t after be ing  u n fo ld ed  by 
trea tm e n t  w ith  chem icals an d  these  chem icals then  rem o v ed , a p ro te in  
appea rs  to regain  its na tu ra l  form  and  thus  its functional activity. This 
experim en t sh o w ed  tha t the in fo rm ation  n eed ed  to specify the com plex 
th ree-d im ensional s truc tu re  of a p ro te in  is con ta ined  in its u n iq u e  am ino 
acid sequence [STRYE 75]. Chemical techniques are capable  of revealing 
this sequence. The techn ique  of D N A  sequencing , w h ich  is rela tively  
easy to perfo rm  w ith  the adven t of genetic eng ineering  has led to a rap id  
g ro w th  in  the  n u m b e r  of k n o w n  p ro te in  seq u en ces ,  b u t  n o t  the ir  
s tructures.
1 - 1 - 2  The Technique
From  the above, it m igh t be expected  tha t it sh o u ld  be possib le  to 
p red ic t theoretically the three-d im ensional s truc tu re  of a p ro te in  from its 
sequence. This is an active area of research  in m olecu la r  biology (for 
review  see [STERNB 83] & [TAYLO 87]).
C urren tly ,  o ppo rtun i t ie s  in the s truc tu re  p red ic tion  field have  been 
transform ed  by four m ain  factors:
1- The realization that p ro te ins  exist in families, and  
th a t  the th ree -d im e n s io n a l  s t ru c tu re  is m u c h  
m o re  h ig h ly  c o n s e rv e d  th a n  the  s e q u e n c e ,  
together w ith the availability of sequence da ta  for
2
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several m em bers  of such  families.
2- The av a i lab i l i ty  of seq u e n c e  d a ta  for severa l 
p roteins belonging to the sam e family.
3- G r e a t e r  k n o w l e d g e  a b o u t  p r o t e i n  th r e e -  
d im ens iona l s tructure .
4- A dvances  in com pu te r  technology.
Each of these  alters  the n a tu re  of ap p ro a c h e s  tha t can be u sed  
for p redic tion .
1*1*3  The Tool
C o m p u te r  graphical m e thods  of v isualiz ing  s truc tu res  are im p o rtan t  
tools in this research  as well as com plem en ting  labo ra to ry  experim ents .  
They are experim enta l tools in their o w n  r igh t an d  p lay  a m ajor role in 
m olecu la r  b io logy as well as in educa tion . W ith  som e p ractice  of an 
ap p ro p r ia te  m olecular graphics system, a user can view  m olecular m odels  
in teractively  on a screen. They can be m a n ip u la ted  as the user chooses. 
Because the object u n d e r  cons idera tion  has  no  a n a lo g u e  in the user 's  
experience  of real life, va r ious  re p re se n ta t io n s  of p ro te in s  h av e  been 
der ived .
O ur w ork  consists of develop ing  new  w ays of d isp lay ing  pro te ins in 
o rd e r  to get insights  abou t the d ifferen t levels of their structure : overall 
shape , chain  s tru c tu re  an d  folding, sequence , secondary  s t ru c tu re  and  
atomic details. M any further levels can be added . It is difficult to display
3
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all such inform ation  in one p ic ture  for these very large molecules because 
of the  h u g e  a m o u n t  of de ta i l  in v o lv ed .  I h a v e  c o n c e n tra te d  on 
d e v e lo p in g  re la t ive ly  s im p le  an d  in fo rm a tiv e  p ic tu re s  tha t focus on 
th e  r e le v a n t  fe a tu re s  th a t  a re  a p p r o p r ia te  at the  d i f fe re n t  levels. 
T h e  p ic tu r e s  can  be  m a n i p u l a t e d  in t e r a c t iv e ly  a n d  d i s p l a y e d  
s im u ltaneously  using  w in d o w in g  technology.
1 .2  TERMINOLOGY
This section defines som e general term s used  in this and  subsequen t 
chapters . Proteins are very  large m olecules com posed  of th o u san d s  of 
atoms. They contain carbon (C), hy d ro g en  (H), oxygen (O) and  n itrogen 
(H) atoms; som e also contain  p h o sp h o ru s  (P) a n d / o r  s u lp h u r  (S). They 
are  b u ild  u p  of amino acid uni ts.  T here  are  tw e n ty  m a jo r  n a tu ra l ly  
occurring  ones and  som e m ino r  ones. The n u m b e r  of am ino  acid units  
in a pro te in  m ay  range from a few to thousands, b u t  they are m ostly  large 
m olecules w ith , typically, 50 to 2000 am ino  acids; som e conta in  only  a 
selection of the possible am ino acids, b u t  m ost contain all of them. The 
p a r t ic u la r  am in o  acids p re se n t  a n d  the  o rd e r  in w h ich  they  occur 
d e te rm in e s  the  in d iv id u a l i ty  of the  p ro te in .  A m in o  ac ids  h a v e  a 
c o m m o n  bas ic  s t r u c tu re  c o n s is t in g  of an  a m in o  g r o u p  (N II^) ,  a 
ca rb o x y la te  g ro u p  (CO O H ), a h y d ro g en  a tom  (H), an d  a d is tinc tive  R 
g ro u p  b o n d e d  to a carbon atom  called the a lpha-carbon  or C a . The R 
g ro u p  is re ferred  to as the side chain. The basic fo rm u la  is sh o w n  in 
F igure  1 - 1 .  Som e side  chains are  u n ch a rg e d ,  o the rs  m ay  be e ither 









FIGURE 1 • 1 C om m on Structure of Most A m ino Acids
The s im ples t am ino  acid is glycine w here  R is a h y d ro g en  atom; in 
alan ine  R = C H 3  and  in valine R = In m ore  com plex am ino  acids,
R contains add itional methyl, hydroxyl, thiol or carboxyl g roups  or a ring 
structure . O ne am ino  acid tha t does not conform  exactly to this com m on 
s tru c tu re  is "proline", sh o w n  in F igure  1 • 2, w h e re  the s ide  cha in  is 
b o n d e d  to the  am in o  g ro u p  as well as to the a lp h a -c a rb o n ,  thereby  
form ing a cyclic structure.
H
N  H 0  — C —  C O O H  
1 2  . a
C H C H 2  
\  /
C H .
FIGURE I • 2 Proline
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W hen  two am ino  acids are joined together in a p ro te in  molecule, a 
covalent b o n d  is fo rm ed  be tw een  m ain  chain a tom s as ind ica ted  below. 
The n ew  b o n d  is called a peptide bond (see F igure 1 • 3 ). This process 
can be repea ted  to form a long chain : a protein molecule.
H  H  O H  H  O
H — N  —  C a —  C — O — H H - - N  —  C —  C —  O — IIa
R R,
FIGURE 1 • 3 Formation of a Peptide Bond
A lth o u g h  all its b o n d  leng ths  a n d  ang les  are  fixed, a p ro te in  
m olecule is not rigid because som e of its b onds  can rotate. The am oun t 
of ro ta tions  abou t each bond  determ ines the th ree -d im en s io n a l  s truc tu re  
of a protein. The bonds  C a  -  N  and  C a  -  C are single bonds. Rotation 
about these bonds are designated  by the angles 4* and O, w hich are called 
the dihedral angles [RICHA81]. The only exception is the p ep t id e  bond  
w hich does not ro tate  because this link has partial doub le -bond  character.
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M oreover, the equ ivalen t angle be tw een  the N  and  C atom  is nearly  equal 
to 180 degrees. Those constrain ts  causes the six-atom  g ro u p  associated 
w ith  every  p ep t id e  b o n d  to form  a rigid , p lanar  s truc tu re  called a peptide 
unit.  It is depicted  in Figure 1 • 4.
peptide bond
FIGURE 1 • 4 Tw o Peptide Units
A n am ino  acid in a p ro te in  joined to o ther  m od ified  acids m ay  be 
called a residue. F igure 1 . 5 show s how  residues  are jo ined by pep tide  
b o n d s  to i l lus tra te  the fo rm ation  of a protein . These res idues  form a 
polypept ide chain. In som e p ro te in s ,  the p o ly p e p t id e  chain  m ay  be 
cross-linked at som e places by d isu lph ide  (— S— S ) bonds  found  in pairs 
of "cysteine" s ide  chains. The main chain (or so m e t im e s  ca lled  the
7
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b ackbone) of a p ro te in  is the substruc tu re  containing the N, H, C a  , O and 
C atom s of the com m on p a r t  of its residues. The n itrogen  a tom  at one 
en d  of this m a in  chain, the N - t e r m i n u s ,  re ta in s  b o th  h y d ro g e n  a tom s 
fo u n d  in the acid from  w hich  the re s id u e  w as derived . Likewise, the 
carbon  a tom  at the o ther  end  of the p ro te in , the C - tc r m in u s ,  re ta ins its 
hydroxyl group.
H1 H1 oII1

































N - te rm in u s  C - te rm inus
Amino Acid N °1 I.ast Amino Acid
FIGURE 1 • 5 : A Polypeptide Chain
Some sections of these am ino  acid chains h a p p e n  to fold u p  to form 
ch a ra c te r is t ic  helical sh ap es  called  alpha helices. An a lpha  helix is 
s tab ilized  by hydrogen bonds  b e tw een  the NM an d  CO  g ro u p s  of the 
m ain  chain. The CO  g ro u p  of each am ino  acid is h y d ro g en  b o n d ed  to 
the N H  g roup  of the am ino acid tha t is s i tua ted  four res idues  ahead  in 
the  l inear  sequence . T here  are  o th e r  such  fea tu re s  (para l l e l  an d  
antiparallel beta sheets, beta turns  etc...) w h ich  will be d iscu ssed  m ore  
tho rough ly  in section 3 • 6 .
M any  pro te in  molecules are com posed  of a single po ly p ep tid e  chain. 
They  are called m onom ers .  O thers  m ay  be co m p o sed  of 2  (d im ers), 
4 ( te tram ers)  or m ore  chains, w h ich  m ay  be identica l or d ifferent; the 
chains are held  together either by noncovalen t forces or linked together
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by  d isu lph ide  bonds. Each p o lypep tide  chain in such proteins is called a 
subuni t  w hich  is fo lded  to form  a globular s tructure . H aem oglobin , for 
exam ple  has 4 subunits ,  2 called alpha and  2 beta [PERUT 641. A domain  
is a folding un it  w ith in  a subunit.
Several levels of s tru c tu re  need  to be ex am in ed  in d iscuss ing  the 
a rch i tec tu re  of p ro te in s .  First, the  p r im a r y  s t r u c t u r e  w h ich  is the 
sequence of am ino  acids. Next, the secondary s truc ture  refers to regions 
of p o ly p e p t id e  chains tha t are invo lved  in a lpha  helices, para lle l an d  
an tipara l le l  beta  sheets. Supersecondary  s t r u c tu re  refers to g ro u p s  of 
secondary  s truc tu re  units. Tertiary s tructure  refers to the overall folding 
of g ro u p s  of am ino  acid residues. Proteins tha t contain  m ore  than one 
su b u n it  d isp lay  an add itional level of s tructura l organ ization , nam ely  the 
quaternary s truc ture,  w hich  refers to the w ay  in w hich  the subun its  are 
packed  together [STRYE 75].
1 -3  MEDICAL IMPORTANCE 
1 - 3 - 1  Design of New Drugs
The d e ta i le d  u n d e r s ta n d in g  of p ro te in  s t ru c tu re  tha t is b o u g h t  
abou t by m olecular graphics and  s truc tu re  predic tion  has several medical 
benefits. O ne is that it is helpful in design ing  new  drugs. M ost d rugs  
in teract w ith  pro te ins  by b ind ing  to them; so the best w ay, curren tly , to 
des ign  new  d ru g s  is to exam ine the shape  of the site on  the par ticu la r  




1 - 3 - 2  Vaccines
A second area concerns vaccines. V accination essentially  involves 
in troduc ing  a foreign p ro te in  into the bod y  so that the im m u n e  system  is 
p r im ed  to recognize that p ro te in  as p ar t  of an  invad ing  organism . Instead 
of u s ing  the w ho le  p ro te in  it is n o w  possible  to inject a small leng th  of 
the po ly p ep tid e  chain. The p rob lem  how ever  is to de te rm ine  w hich  part 
of a p ro te in  is im m unogenic . The best w ay  to do  this is to exam ine the 
pro te in  by eye and  see w hich parts  lie at the surface.
1 - 3 - 3  Protein Engineering
A th ird  ca tegory  of m ed ica l benefi t  lies in the field  of p ro te in  
engineering. U sing  genetic eng ineering  techniques, it is n o w  possible to 
create pro te ins  w ith  altered sequences and  therefore n ew  properties . It is 
obv ious  tha t an u n d e rs ta n d in g  of w h a t  to alter is on ly  possib le  w ith  a 
k n o w led g e  of the th ree -d im e n s io n a l  s tru c tu re  of the p ro te in  an d  som e 
ab ili ty  to p re d ic t  the  effects of seq u en ce  on  s tru c tu re .  This  n e w  
technology  will p robab ly  have  a w id e  ran g in g  effect in m edica l science 
an d  b io technology . O ne area in w hich  m ore  im m ed ia te  effects m ay 
be an tic ipa ted  is in creating new  an tibody  molecules w ith  p roperties  that 
m ake  them  suitable for injection directly to hum ans. Some progress  has 
a lready  been m ade  in this area and  it m ay  for exam ple be possible to create 
an t ib o d ie s  th a t  are  a m ix tu re  of h u m a n  an d  an im als ,  the m a in  p a r t  
d e r iv in g  from  h u m a n s  an d  the specific p a r t  b e in g  d e r iv e d  from  an 
animal. Thus the specific p ar t  of the an tibody  can be elicited in anim als 
w h ich  is u sefu l because  h u m a n  is ineffective for th is  p u rp o s e  w hile  
the  m ain  p a r t  of the an tibody , being  m ain ly  of h u m a n  orig in , does  not 
give rise to the adverse  effects n o rm ally  fo u n d  on  injection of an im al
10
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pro te ins .
1 • 4 SCOPE OF THE THESIS
This research  is in tended  to develop  new  w ays of p ic tu ring  proteins 
w ith  the aim  of assis ting  the u n d e rs ta n d in g  of their th ree -d im e n s io n a l  
s t r u c tu r e  a n d  of th e  r e la t io n s h ip  b e tw e e n  s e q u e n c e  a n d  th ree -  
d im en s io n a l  s tructure .
A n  im p o r ta n t  chem ical fea tu re  govern in g  the sh ap e  of p ro te in s  is 
the p resence  of m any  in ter-m ainchain  h y d ro g en  bonds. There are  two 
m ain  arrangem en ts  of such bonds  that co rrespond  to the tw o major types 
of seco n d a ry  s tru c tu re  found: one  is the a lp h a  helix w h e re  the chain 
forms a helix, the o ther is the beta-sheet w here  ex tended  regions of chain 
ru n  para lle l or an tipara lle l to one  an o th e r  (see section 3 • 6 ). Several 
rep resen ta tions  u sed  to d isp lay  these secondary  s truc tu res  are described  
tho rough ly  in C hap te r  2, together w ith  an analysis show ing  a deficiency 
in currently  available systems.
This w ork  describes a w ay of d isp lay ing  p o lypep tide  chain structures 
w h e re  the research  re p o r te d  by  M ilner-W hite  a n d  Poet has been  the 
s tar ting  po in t (see [MILNE 85], [MILNE 87a], [MILNE 87b] & [POET 8 6 ]). 
P ic tu re s  of the  p o ly p e p t id e  cha in  w ith  e i th e r  the  in te r -m a in c h a in  
h y d ro g e n  bonds ,  or those invo lv ing  s idecha in -m aincha in  b o n d s  can be 
d isp layed  and  m an ipu la ted  interactively. Colour coding has been used  to 
d ifferentiate betw een the different types of hydrogen  bond  found.
A recu rs iv e  a lg o ri th m  for the in te r -m a in c h a in  h y d ro g e n  b o n d  
p ic tu res  has been dev e lo p ed  (see section 5 • 4 ■ 1 • 2) tha t d ifferen tia tes
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b e tw ee n  v ar ious  sorts  of h y d ro g e n  b o n d  pa tte rns .  This a lg o ri th m  is 
p ar ticu la r ly  useful for detecting  the n u m b e r  of paralle l beta-sheets  in a 
p ro te in  (u sed  su b se q u e n t ly  to g en e ra te  the  d ia g ra m m a tic a l  p ic tu res  
described in the next paragraph). It also d istinguishes be tw een  hydrogen  
b onds  belonging  to a parallel beta sheet or an  anti-parallel one, w hich  was 
n o t  easily d ifferentiated in the early  p ictures of the project. C onsequently , 
the  co lo u r  co d in g  of h y d ro g e n  b o n d s  in the se  p ic tu re s  w as  m ore  
revea ling . A tom ic  details  of a p a r t icu la r  reg ion  are  also availab le  for 
d isp lay  an d  m anipu la t ion .
The question  of h o w  to rep resen t d ep th  is of special concern in the 
p re sen t  s tu d y  a n d  w ays  of v isua liz ing  th ree -d im en sio n a l  objects on  a 
tw o -d im e n s io n a l  screen  w i th o u t  d is tu rb in g  the  co n ce n tra t io n  of the 
v iew er has  been  one of our goals. I have  avo ided  the use  of expensive  
an d  tim e consum ing  softw are tools such as stereoscopic v iew s or rocking 
m echanism s (rotating back an d  forth the object th ro u g h  an axis w here  the 
th re e -d im e n s io n a l  effect d is a p p e a rs  as soon  as the  m o t io n  ends)  to 
enhance  the th ree-d im ensional perception.
C erta in ly  sp eed  of m a n ip u la t io n  of the m ode l is also a factor to 
consider, bu t is less im portan t  since m an ipu la t ion  of the m odel is se ldom  
requ ired  in the p resen t application. Concentra tion  on s ta tionary  pictures 
is m o s t ly  n eed e d .  H o w e v e r ,  sm o o th  m o t io n  of the  object u n d e r  
considera tion , in te rm s of speed , w o u ld  also avo id  d is tu rb a n c e  in the 
v iew er 's  concentra tion .
I d e v e lo p e d  som e n ew  techn iques  d esc r ibed  briefly  in the next 
section, w hich  help  enhance  the th ree-d im ensional illusion for the user. 
This com bination  of techn iques  has m a d e  it possib le  to create  a m odel 
im age  of a p ro te in  w h ich  s tim u la tes  the im ag in a t io n  of b iochem is ts ,  
w h ile  avo id ing  on one h a n d  expensive  softw are  tools an d  on the o ther
12
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h an d  large time delays for the d isplay or m an ipu la t ion  of the images.
A fu r ther  n ew  com pu te r-gene ra ted  g raphical d isp lay  techn ique  for 
p ro te in s  is also described  (see section 4 • 7), in w h ich  the backbone  is 
ex te n d e d  as a s tra ig h t  h o r izon ta l  line a n d  w h e re  the in te r -m a in ch a in  
h y d ro g en  b o n d  s truc tu re  (or the sidechain  — m ainchain  one) is re la ted  to 
the  sequence . O ne  a d v a n ta g e  of this ty p e  of d isp la y  is tha t every  
h y d ro g en  b o n d  is clearly seen since it canno t be obscu red  by  a tom s in 
f ro n t  of it, as h a p p e n s  occasionally  in the d isp lay s  d esc r ib e d  above. 
A no ther  is tha t the re la tionship  be tw een  b ond  pa t te rn  (and consequently  
the  th ree -d im e n s io n a l  s truc tu re )  an d  the seq u en ce  is ev iden t.  Tw o 
slightly  d ifferen t a lgo ri thm s are described , one for the in te r-m aincha in  
h y d ro g en  b onds  (section 5 • 4 • 5 • 1) and  the o the r  for the s idecha in  — 
m ainchain  ones (section 5 • 4 • 5 • 2), that allow the h y d ro g en  b onds  to be 
d ra w n  so tha t they  can all be clearly  seen an d  charac teris tic  features 
p o r tray e d .  These d isp lays  are especially  usefu l for rep re sen t in g  inter- 
m a in ch a in  h y d ro g e n  b o n d s  exh ib iting  charac te r is t ic  p a t te rn s  th a t  w e 
collectively call loop motifs.
Several exam ples  are illustra ted , inc lud ing  the p ro te in  w h ea t  germ  
agglu tin in . This p ro te in  is com posed  of 2 sub u n its  an d  each su b u n it  
consists  of 4 h ighly  hom ologous  dom ains  tha t are  re la tively  lacking  in 
secondary  s truc tu re  and  yet have  a large n u m b e r  of loop motifs. O ne of 
the conclusions of this w ork  is that w e are able to p ropose  that hydrogen- 
b o n d e d  loop motifs are conserved  in m uch  the sam e w ay  tha t secondary  
s t ru c tu re  is, a n d  tha t it w o u ld  be better to inc lude  loop  m otifs  in the 
secondary  s truc tu re  category. A no ther conclusion of this w o rk  is that it 
p ro v id es  a new  tool to help  p red ic tion  of th ree -d im en sio n a l  s tru c tu re  
from sequence because it automatically  relates s tructu re  to sequence.
The w ork  described above has been b rough t together to give birth  to
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a n ew  integrated  m olecular graphics softw are package called PH D  (Protein 
H y d ro g e n -b o n d  D isp lay), cu rren t ly  im p le m e n te d  on  the  W hitechape l 
Colour W orksta tion  CGI an d  w hich  can be easily m ig ra ted  to a different 
ha rdw are . The interface is m ostly  m enu-driven . The system  prov ides  a 
w o rk in g  e n v i ro n m e n t  for the b iochem is t a l low ing  h im  to m a n ip u la te  
m o d e ls  of k n o w n  p ro te in  th re e -d im e n s io n a l  s tru c tu re .  In te re s t in g  
sections of p ro te in s  can be se lected, sh o w in g  chain  s t ru c tu re ,  a tom ic  
de ta i ls  or d ia g ra m m a tic  v iew s. The la t te r  a re  u se fu l for m a k in g  
com parisons of sequence versus s truc tu re  conservation  because  tw o such 
d iag ram s  can be d isp layed  in the sam e screen picture. At the end  of a 
session, the w ork  m ay  be saved.
The s tra tegy  in p ic tu r ing  pro te ins  is based  on the idea  of m ultip le  
s im plif ied  d isp lays  w h e re  on ly  im p o r ta n t  in fo rm a tio n  is d isp la y ed  so 
th a t  the  in v e s t ig a to r  is no t s w a m p e d  by  u n n e c e ssa ry  deta il.  These 
p ic tu res  can be m a n ip u la ted  in teractively  and  d isp layed  s im ultaneously ,  
tak ing  advan tage  of w in d o w  m an ag em en t techniques inco rpo ra ted  in the 
CGI.
1 ■ 5 THREE-DIMENSIONAL DEPTH EFFECT
The visualiza tion  of these three-d im ensional objects gives rise to the 
question  of h o w  to indicate dep th  in our pictures. O ne prerequ is i te  is to 
be able to see th rough  the object displayed. This is achieved by using  line 
segm ents  to represen t the po lypep tide  chain pictures as well as the atomic 
detail ones. Various three-d im ensional techniques h ave  been  app lied  in 
these pictures in o rder  to get a three-dim ensional effect:
- d e p th  so rting  : line segm en ts  are d ra w n  in d ep th  
o rder  w ith  the farthest being d raw n  first.
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- in ten s ity  d e p th  cue ing  : line seg m en ts  n ea r  the 
v iewer appear brighter than those far away.
- b ru sh  shapes  : V arious d ra w in g  b rush  shapes  have 
been  im p lem en ted  to ind ica te  the rela tive d e p th  of 
tw o  c o n secu t iv e  line  seg m en ts .  It g ives  the 
a p p e a ra n c e  of a line se g m e n t  b e in g  in f ro n t  or 
b eh in d  its ne ig h b o u rin g  one (see section 4 • 5 • 7 • 4 
for further details).
- tram lines  : A m u c h  fas ter te chn ique  for d ra w in g  
' ' t ramlines"  than  the one of po lygon  filling u sed  by 
Poet & M ilner-W hite  [POET 86] is p resen ted . The 
relative d ep th  of two line segm ents  is ind icated  by a 
b r id g e  effect w h en  they cross. This is especially  
effective if the line segm ents  are very  close to each 
o th e r  in d ep th ;  the  d e p th  cue ing  effect a lone  is 
insuffic ien t since the line segm en ts  w ill h av e  the 
sam e co lour in ten s ity  (see section  4 • 5 • 7 • 3 a n d  
section 5 - 4 - 2  for further details).
1 • 6 OVERVIEW OF THE THESIS
C h a p te r  2 concerns  the l i te ra tu re  rev iew  a n d  d iscusses  v ar ious  
aspects of som e systems used all a round  the w orld  to m odel proteins. A 
c lo ser  look  is m a d e  on  the  w ay  th e se  s y s te m s  h a n d le  p ro te in  
re p re s e n ta t io n ,  the  te ch n iq u es  they  use  to m a n ip u la te  objects  an d  
the com m unica tion  be tw een  the system  and  the user. A final section 




In p u t  to the  PH D  so ftw are  p ackage  are  d a ta  ex trac ted  from  the 
B ro o k h a v e n  PDB. T hese  d a ta ,  to be  u se d  in the  P H D  p ro te in  
v isua liza t ion  package, need  to be p reprocessed . Several p ro g ram s  are 
d escribed  in C h ap te r  3 w h ich  p rep rocesses  the re levan t d a ta  an d  store 
them  in various  files. The rem a in d e r  of the chap ter  is concerned  w ith  
som e definitions an d  criteria for assigning  secondary  s truc tu res  from  the 
PDB (see Section 3 • 6). The defin itions  deal w ith  h y d ro g e n  b onds  in 
alpha-helices, beta s trands and  various turns. They are n eeded  latter, in 
C h ap te r  5, w hen  an  a lgorithm  is p resen ted  w hich  d is tingu ishes  betw een 
various types of secondary  structure  features.
In design ing  the PH D  pro te in  v isualization package, the first stage is 
to consider the user interface design. The factors to be considered  in the 
des ign  of the user  interface — specific opera tions  m a d e  available  to the 
user, o u tp u t  o rg an iz a tio n  an d  h o w  the p ackage  is to be d o cu m en ted ,  
p resen ted , and  m a n ip u la ted  by the user — are th o rough ly  exp lo red  and  
described in C hap ter  4.
D e ta i ls  of in te rn a l  s t r u c tu r e s ,  d a t a  s t r u c t u r e s  d e s ig n  a n d  
m an ipu la tion , a lgorithm  descriptions needed  for the P H D  package, are all 
p resen ted  in C hap ter  5.
The PH D  system , described in the p rev ious  three  chapters , is tested 
in C hap te r  6 by exam ining  dom ain  hom ology for a particu la r  p ro te in  and  
by  try ing  to get som e insights  abou t the m ys te ry  of p ro te in  evolu tion . 
Results of the analysis suggest an alteration in the definition of secondary  
structures.
C onc lusions  and  fu tu re  research  are  d iscussed  in C h a p te r  7. It
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discusses the overall con tribu tion  of the p resen t  work; this inc ludes  the 
status of PH D  as a m eans of p rov id ing  an in tegrated  system  for displaying 
k n o w n  th ree-d im ensional p ro te in  s truc tu res  as well as sequences related 
to the structure.
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Chapter 2
S U R V E Y
O F
R E L A T E D  W O R K
2 1  INTRODUCTION
A fter a sho rt  overv iew  in section 2 - 2 - 1  of early  m e th o d s  u sed  to 
m ode l m olecules and  a m en tion  of som e of the d ifficulties en co u n te red  
in them , a d escr ip t ion  of the  first effective ap p lica t io n  of in te rac tive  
com pu ter  graphics to m olecular s tructu re  is given in section 2 - 2 - 2 .  That 
d ev e lo p ed  at U C S F /C o m p u te r  G raphics  Labora to ry  w as a p ro to ty p e  for 
m a n y  of the m o lecu la r  g raph ics  lab o ra to r ie s  n o w  o p e ra t in g ,  a n d  is 
d esc r ib ed  in section 2 - 2 - 3 .  Som e fu r th e r  w ork  p e r t in en t  to p ro te in  
d isp lay  is described  in the sections after that. Several fea tu res  closely 
re la ted  to m y s tu d y  em erge  from  these system s (i.e. rep re sen ta t io n  of 
p ro te in  models, in teraction w ith  the user). Each system  will be described 
in te rm s  of its h a rd w a re  co n f ig u ra tio n ,  la n g u a g e  im p le m e n ta t io n ,  
softw are  capabilities and  graphics techniques ad o p ted ,  user interface and 
ev en tu a l ly  its line of ex tension  in the fu tu re .  The var ie ty  of these
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system s, chosen  from  m a n y  p a r t  of the w o rld ,  sh o w s the in te res t  in 
the  scien tific  c o m m u n ity  to w a rd  m o lecu la r  g raph ics .  A n analysis  
sh o w in g  th e  d e f ic iency  in c u r re n t ly  ava i lab le  sy s tem s  is m a d e  in 
section 2 • 3.
2 . 2 MOLECULAR GRAPHICS HISTORY 
2 - 2 - 1  Early Devices
A m olecu la r  b iologist 's  u n d e rs ta n d in g  of a m olecu la r  s t ru c tu re  is 
usua lly  reflected in the ability to construct a th ree-d im ensional m ode l of 
it. W hile it is difficult to rep resen t those s truc tu res  on paper ,  especially 
for large m olecules such  as proteins, the construction  of physical m odels  
th ro u g h  balls an d  sticks is even  m ore  ted ious  an d  t im e-consum ing  and  
storage of such s tructures is aw kw ard .
A n o th e r  m ajor p ro b lem  is th a t  the m o d e l a n d  the  ac tua l list of 
c o o rd in a te s  a re  n o t  n e c e s sa r i ly  c lose ly  r e la te d ,  e s p e c ia l ly  a f te r  
m an ipu la t ion  of the model. Lastly, it can be frustra ting  if the m odel sags. 
So a need  for o ther techniques had  to be devised. C o m p u te r  graphics was 
the key a n d  the  in d isp e n sa b le  tool w h ich  p ro v id e d  so lu tions  to these 
p rob lem s.
W ith  it, the d isp lay  and  the da ta  are  d irectly  rela ted . S torage of 
p rio r  configurations is simple, and pieces do  not fall off.
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2 - 2 - 2  Project M A C
The h is to ry  of M olecular G raphics  s ta r ted  w ith  project M A C 1, led 
by  C y ru s  L ev in tha l [LEVIN 66]. It w as the first a p p e a ra n c e  of an 
a p p l ic a t io n  of in te rac t iv e  c o m p u te r  g rap h ic s  to m o lecu la r  s t ru c tu re  
represen ta tion . A calligraphic d isp lay  system  w as des igna ted  to perm it 
d irec t in te rac tion  of the investiga to rs  a n d  a m o lecu la r  m ode l tha t w as 
being constructed by  the com puter.
In sp ite  of the  l im ita tions  of th is  early  system , rea l- t im e  three- 
d im en s io n a l  ro ta t ion  of the d isp lay ed  object w as  possib le  for the first 
time. The d raw ings  of the molecules have  a line segm ent for each bond  
an d  could be m odified  in real-time. A t that time, w h ere  the n u m b e r  of 
vectors  th a t  cou ld  be d isp la y ed  on the screen w as  ra th e r  l im ited , the 
in te ra c t io n  co n tro l le d  by  m a n ip u la t in g  v a r io u s  i n p u t  dev ices  (i.e. 
keyboard, light pen  and  knobs) is still of interest, now adays.
O ne of the fascinating aspects of this fruitful project was, as M orffew  
p o in ted  ou t [MORFF 83a], that it w as a im ed  at f ind ing  a w ay  of folding 
p ro te ins  in their final th ree-d im ensional s truc tu re ,  b u t  d id  not succeed 
m ain ly  because of the lack of scientific b reak th roughs  at that time. As an 
exam ple ,  the a p p ro a c h  taken  to p red ic t  the s t ru c tu re  of a p ro te in  in 
ad v a n c e  of its d e te rm in a t io n  of X-ray analysis ,  w as  b a se d  on  the 
supposition  that the folding starts independen tly  in several regions of the 
m olecule and  that the first s tructura l developm en t was the form ation  of a 
n u m b e r  of seg m en ts  of a lpha  helix w h ich  in tu rn  in te rac t w ith  one 
ano ther  to form the final m olecular structure.
1 Standing  for M ultip le A ccess  Com puter and w as the nam e of the m ainfram e  
t im e sh a r in g  project at M.l.T. Boston, Massachussets.
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This project boosted  m olecular graphics. In these last tw o decades, 
g rea t advances  have  been  m a d e  in the capabilities of g raph ics  systems. 
Furtherm ore , the rap id ly  decreasing cost of h a rd w are  m a d e  it possible for 
m an y  laboratories to afford sophisticated systems.
2 * 2 * 3  U C S F  / C om pu te r  G raph ics  Laboratory
Robert Langridge, one of the researchers at M AC project, he lped  the 
d e v e lo p m e n t  of th e  C o m p u te r  G ra p h ic s  L a b o ra to ry  at P r in c e to n  
U n iv e r s i ty 2. The basic configura tion  w as the first calligraphic Evans & 
S u th e r la n d  system , the LDS-1, w h ich  p ro v id e d  in h ig h -sp eed ,  d ig ita l 
h a r d w a r e  4 x 4  m a tr ix  m u l t ip l ic a t io n  a n d  c o n c a te n a t io n ,  th ree -  
d im ensional clipping, and  perspective [LANGR 74]. It w as interfaced to a 
Digital E qu ipm ent C orporation  (DEC) PDP-10. This h a rd w are  innovation  
w as  of grea t im portance  to d isp lay  a th ree-d im ensional object on  a two- 
d im ensional screen as a series of projections are calculated as the object is 
ro tated . The coord ina te  transform ations  requ ire  several m ultip lica tions  
an d  add itions  for every  end-po in ts  and  the key to sm oo th  rep resen ta tion  
of com plex  objects is to im p lem en t them  in h a rd w are .  This is m ost 
effic iently  d one  w ith  h o m o g e n eo u s  coord ina tes ,  u s in g  a 4 x 4 m atrix  
re p re s e n ta t io n  of the  t r a n s fo rm a tio n s  such  as ro ta t io n ,  t ran s la t io n ,  
scaling  an d  pe rspec t ive  [NEW M A 79]. Those m atrices  m a y  then  be 
concatenated and  hand led  as a single entity.
An interactive d isp lay  p rog ram  C o m p u te r  A ided  A nalysis  of Protein 
S tructu re  (CAAPS) was designed  and  p rov ided  m an y  of the tools needed  
for p ro te in  e n g in e e r in g ,  su ch  as a m in o  ac id  r e p la c e m e n t ,  b o n d
2 The Princeton University Computer Graphics Laboratory was established by a grant to 
Langridge in 1970 from the division of Research Ressources of the National Institute of 
H e a l t h .
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m a n ip u la t io n ,  m o n i to r in g  v an -d e r -W a a ls  contacts^  b e tw ee n  par ts  of 
the p ro te in  s truc tu re  u n d e rg o in g  m odification, and  stereoscopic v iew ing 
[LANGR 74]. The aim of this system  w as to enable  a user to s tudy  any 
p a r t  of a large num ber  of protein s tructures in any details.
Later ,  L a n g r id g e  w e n t  on  a t San  F ran c isco  a n d  c re a te d  the 
U C S F /C o m p u te r  G raphics Laboratory  (CGL). The disp lay  available w as a 
b lack-and-w hite  Evans & S u therland  P icture 2 calligraphic d isp lay  (PS2). 
Besides all the  p rev io u s  h a rd w a re  tran sfo rm a tio n s ,  it w as capab le  of 
p e rfo rm in g  not on ly  real-tim e c lipp ing  on top, bo ttom  and  sides of the 
p ic tu re  space b u t  also in the d e p th  axis. This is assoc ia ted  w ith  a 
"v iew ing  p y ram id"  w h ich  inc ludes  a h ither  (near) b o u n d a ry ,  yon  (far) 
b o u n d a ry ,  an d  eye position  [NEW M A 79]. The in tensity  of the cathode- 
ray  tu b e  (CRT) e lectron  beam  m ay  be con tro lled  in p ro p o r t io n  to the 
d is tance  b e tw een  the  h ith e r  an d  yon p lanes,  g iv ing  a s tro n g  sense  of 
dep th  to the picture. The host processor, a DEC PDP 11/70  com pute r  was 
ru n n in g  u n d e r  the UNIX4 tim e-sharing  opera t ing  system  to s u p p o r t  the 
h ig h  p e r fo rm a n c e  g ra p h ic s  d is p la y  s y s te m  fo r  d i s p la y in g  th ree -  
d im en s io n a l  m o lecu la r  m ode ls  [FERRI 80]. A la rge  v a r ie ty  of h igh  
p ro g ra m m in g  la n g u ag e  is availab le  for use  a n d  sw itch in g  from  one 
la n g u ag e  to the o ther  is easily  p e rfo rm e d  d e p e n d in g  on a p a r t icu la r  
app lica t ion .  H o w e v e r  som e  obstacles  w e re  e n c o u n te re d  p r im a r i ly  
because  the Evans & S u therland  p rov ided  no s u p p o r t  for their g raphics 
h a rd w a re  u n d e r  UNIX. A decision has been m a d e  to rew rite  all the 
g raph ic  su b ro u tin e  package tha t Evans & S u ther land  d id  p rov ide ,  from 
assem bly  to C language  and  this m ad e  the day  of the first UNIX based
 ^ A tom s have a particular radius associated with them which is called the van-der-
Waal radius. Each atom is represented as a sphere, and the spheres for 2 non-bonded
atoms are not allowed to com e into contact with each other.
4 UNIX is a Trademark of Bell Laboratories
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three-d im ensional graphics package for the PS 2.
A m ajor m o lecu la r  g raph ic s  sy s tem  has  been  d e v e lo p e d  in this 
env ironm en t : M olecular Interactive D isplay System  (MIDS). It w as able 
to accom m odate  the new  developm ents  in colour d isplays [LANGR 81]. It 
in troduced  new  approaches to m olecular graphics, particu larly  the d isp lay  
of tha t p a r t  of the m olecule surface w hich  is accessible to o ther molecules 
th a t  is the  "so lvent-accessib le  surface" d e f in ed  by  Lee a n d  R ichards  
[LEE 71] a n d  im p ro v e d  on by  R ichards [R IC H A 77]. The idea  is the 
following: if you  take a pro tein  and  place a w ater m olecule as close to that 
p ro te in  as possible, then  rolling the w ate r  m olecule all over the protein , 
you  w o u ld  get this solvent-accessible surface. This surface is then  used  
no t only to see h o w  close a w ater  m olecule can approach , b u t  also to get 
an  idea  on  how  close o ther molecules could approach.
The next p roduc t,  the M olecular In teractive D isplay an d  S im ulation 
(MIDAS) em p h a s iz e d  in teractive  d isp lay  an d  m a n ip u la t io n  of p ro te ins  
an d  nucleic acids [FERRI 84]. The in troduc tion  of a PS2 colour m onito r  
h ad  the advan tages  of p ro v id in g  bright, h igh-reso lu tion , an d  full-colour 
pictures. H ard w a re  capabilities such as dep th  cueing, perspective, clipping 
an d  real-tim e stereo are incorporated. Dot surface represen ta tions  of the 
R ichards' surfaces w ere  in troduced  ([LANGR 81] & [LANGR 84]) and  an 
a lgori thm  to calculate the m olecu lar  surface w as d e v e lo p ed  by  Michael 
C o n n o lly  ( [ C 0 N N 0  81], [C O N N O  83a] & [C O N N O  83b]). The basic 
approach  in the m ethod  is to d raw  a surface not as a solid surface, b u t  as a 
series of transparen t dots on the surface. Internal cavities co rrespond ing  
to the inner m olecular surface of the pro te in  are p roperly  rep resen ted  by 
the use of hither and  yon clipping planes to clip aw ay the dots at the front 
and  the back. Close-up view of a b ind ing  site can be obta ined  by real-time 
ro ta t ion , scaling and  clipping. The use  of do ts  covering  a su rface  in 
com bina tion  w ith  the d e p th  cueing  an d  colour g ives exce llen t th re e ­
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d im en s io n a l  rep resen ta t io n  of m olecu la r  surfaces u s ing  a l ine -d raw ing  
display . A p rocedu re  w as la tter deve loped  by Bash [BASH 83], dealing 
w ith  in terior atom  rem oval. This technique had  the significant advan tage  
tha t the space-filling rep resen ta t ion  is re ta ined  d u r in g  in terac tive  rea l­
tim e b o n d  rotation. All of these m e thods  have p ro v ed  to be extrem ely 
usefu l in enzym ology , im m uno logy , v iro logy, m olecu la r  pa th o lo g y  and  
the s tu d y  of pro te in -ligand  and  pro te in-pro te in  interactions [CURREN 86]
Since a h uge  am o u n t of da ta  h ad  to be m anaged ,  a hierarchical data 
base  m a n ag em e n t  system  w as des igned  at the core of MIDAS by Ferrin 
an d  al. ( [FERRI 88a] & [FERRI 88b] ). Thus, this system prov ides  a flexible 
tool for the s tu d y  of sm all and  large m olecules  an d  the ir  in teractions, 
tak ing  full a d v a n ta g e  of availab le  in teractive  th ree -d im ensiona l  colour 
d isplay  capabilities.
2 - 2 - 4  X R A Y : Interactive Molecular Display and M odelling System
G rap h ic s  h a rd w a re  em p lo y e d  by F e ld m a n  a n d  his co -w o rk e rs  
[FELDM 73] at the N ational Institu tes  of H ealth  in Bethesda (M ary land  
-  U.S.A. -) ,  to develop  their interactive m olecu lar d isp lay  an d  m odelling  
sy stem  (XRAY), consis ts  of tw o  vecto r  g raph ic s  d isp la y  system s, an 
ADAGE AGT-30 and  a DEC 340 graphics terminals, d riven  by a DEC PDP 
10 t im e-sh a r in g  m in ico m p u te r .  The so f tw are  is w r i t ten  in PDP 10 
assembly language  which does not m ake it readily  portable.
In these early  s tages of m olecu la r  graph ics,  w h e re  la rge  m ach ine  
d e p e n d e n t  system s are used  to interactively  d isp lay  and  m odel pro te ins 
(see [LEVIN 66] & [BARRY 69]), XRAY is so m e w h a t  v ersa ti le  as its 
h a rd w a re  configuration perm its  a user to run  any p ro g ram  of the system 
he w ishes to d isp lay  an d  m an ipu la te ,  in any rem ote  term inal of the two
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types listed above.
S im ple  stick an d  ball a n d  stick m o d e ls  can  be d is p la y e d  in a 
s tereoscopic v iew  on these m onochrom e screens. Rotation of the m odel 
a bou t th ree  o rthogona l axes, as well as zoom ing  on  a pa r t icu la r  region 
an d  labelling of am ino  acids are possible. Some m odest  m odel bu ild ing  
facilities a re  also ava ilab le  tha t a llow  the u se r  to m o d ify  p a r t icu la r  
r e s id u es  by ro ta t in g  a b o u t b o n d s  or by  rep lac in g  any  s ide  chain  by 
ano the r  one. Plots show ing  a s tereoscopic v iew  of the p ic tu re  are  also 
generated .
User control of the system  is by m eans of dials an d  few switches and 
are available only on the ADAGE devices.
T he sy stem  has  evo lved  very  qu ick ly  espec ia lly  w ith  the  ra p id  
g ro w th  of com puter  technology. U ltimately, an Atlas of m acrom olecular 
m odels  ( [FELDM 76] & [FELDM 80] ) has been m ade  available to the public 
w hich  is a pow erfu l docum en t in s tudies of proteins.
2 - 2 * 5  ALPHA : An Interactive Protein Model Building Program
The M olecular M odelling  System A LPH A  dev e lo p ed  at the A shahi 
C hem ical Ind u s try  Co. Ltd in Shinuoka, Japan, by T om a [TOMA 87a] is 
based  on an Evans & Sutherland  Picture System 340 (PS 340) d riven  by a 
VAX 11/780 m ainfram e com puter. It has both  vector and  raster displays. 
T he  vec to r  d isp la y  is u se d  as a m o d e l  b u i ld in g  a n d  a s t ru c tu re  
m an ip u la t io n  te rm inal w hile  the ras ter  d isp lay  is u sed  for filling-space 
m o d e ls .  T he  s o f tw a re  is w r i t te n  in FO R TR A N  a n d  th e  PS340 
p ro g ram m in g  language.
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T he s y s te m  is u s e d  n o t  o n ly  for the  s tu d y  of p ro te in s  of 
u n d e te rm in e d  s tru c tu re  (e.g. m o d e l b u ild ing )  b u t  also to investiga te  
p ro te ins  of k n o w n  three-d im ensional s tructure.
R e p re sen ta t io n  of p ro te in s  is m a d e  on ly  w ith  the a lp h a -ca rb o n  
m ode l w h ich  has  p ro v ed  to be  efficient for m a in ly  three  reasons. First, 
because  it is p refe rab le  to deal w ith  s im ple  m ode ls  th an  the de ta iled  
a tom ic ones  w h ich  give a ra th e r  com plica ted  im age  of the p ro te in  by 
m ak in g  visual inspection  difficult. Secondly, if in teractive  response  is 
n eeded , the few er da ta  are given the faster and  easier their p rocessing is 
perform ed. Finally, flexibility in s truc tu re  m odification is m ad e  possible 
by  assum ing  some realistic feature assum ptions  abou t the length  betw een 
a lpha  carbons being constant.
O n the vector display, real time rotation, scaling and  translation  are 
possible. V arious o rthograph ic  views, dep th -cueing  an d  s tereoscopy are 
available to give a m ore  realistic th ree -d im ensional im age of the m odel. 
To m od ify  the s truc tu re ,  first the user  has to p o in t  to an  a lpha-carbon  
a tom  then  one of the tw o  p ar t  of the p o ly p e p tid e  chain can be ro ta ted  
freely a ro u n d  the chosen po in t using  dials. This is m uch  the sam e idea 
as the one u sed  in the M AC project [LEVIN 66] tw en ty  years  ago and  
described earlier in section 2 - 2 - 2 .
A n  a m in o  ac id  in f o r m a t io n  c o lo u r - c o d e d  C P K -l ik e  m o d e l  
c o r re sp o n d in g  to an a lpha-carbon  m odel on the vector d isp lay  can be 
sh o w n  on the ras te r  d isp lay . O p tions  on  colour codes are  available  
accord ing  to the chem ical characteristics of the am ino  acids. This is 
relatively helpful for illustra ting  s truc tura l features of pro teins. Cross- 
sectional views of the molecule can be d isp layed  and  are useful no t only 
in the eva lua tion  of the b u ild in g  s tru c tu re  b u t  also in the analysis  of 
k n o w n  s tructures.
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User control of the system  is accom plished via a light pen  to poin t at 
e lem en ts  on  the screen, d ia ls  to m a n ip u la te  the m odel,  an d  function  
bu ttons  for the choice of colour codes.
T he  p ro je c t  h a d  so m e  f u r th e r  e x te n s io n s  a n d  a l lo w s  the  
in v e s t ig a t io n  of p ro te in -p ro te in  in te r  an d  in t ra m o le c u la r  in te rac t ions  
[TOMA 87b]. It is basically a tw o or m ore  pro tein  s truc tu re  p rob lem  w ere 
the a lpha-carbon m odel was again used  and  p roved  to be a very  effective 
m o d e l.
2 * 2 * 6  VENUS : Various Representations of Protein Structures
The h a rd w a re  co m p ris in g  the system  VEN US5 d ev e lo p ed  by  Iga 
a n d  Y asuoka [IGA 84] at O saka U nivers ity , Japan, consists  of a N.E.C. 
N6960 ras te r  g raph ics  colour d isp lay  w h ich  is connec ted  by  a RS232C 
com m unica tion  line to a host com puter, an ACOS 850 p ro d u ced  by Seiko 
Electronic Industries . The display, 1024x1024 in reso lu tion , is eq u ip p ed  
w ith  a 760 kby tes  m e m o ry  bu ffer  an d  fou r  f ram es  of d ig ita l  v ideo  
m em ories  each hav in g  the  sam e size as the n u m b e r  of pixels on  the 
display. The p rog ram s are w ritten  in FORTRAN and  uses the graphics 
package GDSP/SPLOT.
The system  is used to help a researcher to get a better u n d ers tan d in g  
on the folding of globular proteins as well as their secondary  s tructures  by 
d isp lay ing  various representa tions  of them.
5 VENUS w as inspired by PLUTO, a system  developed  by Motherwell [MOTHE78I  
which was used to prepare figures on a digital plotter. Its name has been chosen as the 
name of the planet in the solar system following PLUTO.
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The m ajo r ity  of these  re p re se n ta t io n s  invo lves  the a lp h a -ca rb o n  
backbone . A m o n g  these  m ode ls ,  w e h av e  the w ire  m o d e l w h e re  
successive alpha-carbon  atom s are connected w ith  lines, the conventional 
ba ll-and-s tick  m ode l an d  several space-filling m ode ls  rep re sen t in g  the 
van-der-W aals  surfaces.
O th e r  rep re sen ta tio n s  less p o p u la r  are  also ava ilab le  for d isplay. 
They inc lude the p leat m odel w h ere  consecutive a lpha-carbon  atom s are 
connected  by  platelets. That is, a small line segm ent is created from  each 
a lpha-carbon  atom , w hich  is p e rp en d icu la r  to the p lane  pass ing  th rough  
this a tom  and  the tw o  adjacent to it. The free ends  of the line segm ents 
are connected sequentially  to give a p leat model. If the coordinates of the 
alpha-carbon atom s are connected by a cubic spline, this will create the so 
called sm ooth-line  m odel. A no ther varian t w o u ld  be the ribbon  m odel 
w h e re  the sm ooth-line m odel is w id en ed  at turns. M an ipu la tion  of the 
m o d e l is p e r fo rm e d  by  the  so called "pse udo -dy nam ic  m a n i p u l a t i o n ”. 
For in s tan ce ,  in th e  case of a ro ta t io n  a r o u n d  the  x-axis , this  is 
accom plished by p repar ing  36 m odels w hich are ro ta ted  in sequence by 10 
degrees a ro u n d  the x-axis and  stored  in the m em o ry  buffer before being 
d isp la y e d  e i th e r  s im u l ta n e o u s ly  or successively . S eg m en ts  of the 
s truc tu re  m ay  be selected. O ptions  are available for labelling a tom s and  
re s idues ,  w ith  or w i th o u t  sequence  n u m b e r .  A lth o u g h  o n ly  seven  
colours are available, they seem to be adequa te ly  informative.
In teraction w ith  the system  is m enu-d riven . A m e n u  is p resen ted  
on  the screen , an d  the  user  selects an o p tio n  by s y n c h ro n iz in g  the 
m o v e m en t of a pen  on a tablet in p u t device w ith  a cursor d isp layed  on 
the screen. Once the cursor reaches the desired  option  the pen  is pressed. 
There are no bu tton  functions, joysticks, switches or knobs to m an ipu la te  
the m odel u n d e r  consideration. The pen  is also used  to select pieces of 
s truc tu re .  All con tinuously  variab le  user  in p u ts  con tro lling  ro ta tion ,
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translation, etc... com e from the pseudo -dynam ic  m anipu la t ion .
The ex tensions  of the pro ject are  to w a rd  m o lecu la r  d es ign  and  
pro te in  crystallography.
2 - 2 * 7  LESK'S M ODEL: Schematic Diagrams of Protein Structures
The system developed  by Lesk and  H ard m an  ( [LESK 82], [LESK 84], & 
[LESK 85] ) at the Fairleigh Dickinson U niversity , N e w  Jersey (U.S.A.) is 
based  on bo th  a vector genera to r  d isp lay  an d  a ras te r  d isp lay  and  are 
d r iven  by an DEC VAX 11/780. The VAX is tightly  coup led  to an  IBM 
370 /165  m a in f ram e  com pu ter .  The p ro g ra m s  h ave  been  w rit ten  in 
FO R TR A N .
A lth o u g h  co m p u te r-g en e ra ted  p ic tu res  s im u la tin g  w ire  m o d e ls  or 
space-filling m olecu la r  m odels  m ay  con ta in  de ta iled  in fo rm ation  abou t 
spatial re la tionships of the atoms, the need  for abstract rep resen ta tion  has 
also p ro v ed  to be in fo rm ative  for the investigation  of te rtiary  s tru c tu re  
an d  of hom ology betw een different pro te ins (see [RICHA81]). Lesk and  
his team suggested  a schem atic-diagram  approach  to visualize proteins.
These c o m p u te r  g en e ra ted  p ic tu res  w ere  in sp ire d  by the  early  
cartoon  d raw in g s  d one  by R ichardson  [RICHA 81] rep re sen t in g  a lpha- 
helices as cylinders , s trands  of beta  sheets as r ibbons w ith  a rrow s  and  
reg ions  of ra n d o m  coil as lines. F igure 2 • 1 illus tra tes  such d raw in g s  
w h ere  beta  sheets are sh o w n  as arrow s w ith  thickness, helices as spiral 
ribbons, an d  nonrepetitive  s truc tu re  as ropes. These d iag ram s are taken 
directly  from R ichardson  article on Protein  A natom y  [RICHA 81], The 
schem atic  d iag ram s are useful in show ing  the overall shapes  of p ro te in  
molecules, rela tionships betw een classes and  families of proteins, and
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f \ h n o p u ip e p n n  domain 1
A lcoho l D ehydroyena ie  domain I
FIGURH 2 • 1 C artoon Drawings of Proteins.
Cartoon draw ings d on e  by Richardson (RICHA 81) representing alpha-helices as spiral 
ribbons, strands of Ix'ta sheets as somewhat flat riblxms with arrows, and regions of random  
coil as rojx's.
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to p o lo g ic a l  r e la t io n s h ip  b e tw ee n  e lem en ts  of s eco n d a ry  an d  s u p e r ­
secondary  structure.
The so f tw a re  req u ire s  th a t  se c o n d a ry  s t ru c tu re  e lem en ts  to be 
inc luded  in the d raw in g  are specified by the user. The arrangem en t and 
orien ta tion  of the a lpha helices are m a d e  by superim posing  the backbone 
coo rd ina tes  on to  a s ta n d a rd  helix o r ien ted  a long  the z-axis; all helical 
regions are represen ted  by a cylinder w ith  a constan t rad ius ,  its height is 
d e p e n d in g  on  the  len g th  of the  backbone  def in in g  the region. For 
r ibbons, the norm al to each p ep tid e  g ro u p  is d e te rm in ed  an d  lines join 
no rm als  to consecutive g roups  appropria te ly .  C oncern ing  arrow s, the 
m id line  of the a r ro w  is co m p u ted  by a cubic spline fit to the centers of 
g rav ity  of successive pep t id es  and  the o rien ta tion  of the  norm al to the 
a r ro w  is calcu la ted  by sp line fits to the d irec tion  of the norm als  to the 
successive pep tide  groups.
The so ftw are  hand les  such techn iques  as s tereo  pairs , h id d e n  line 
rem oval,  su rface  rem oval an d  translucency. O p tions  on the different 
styles of h id d e n  lines v isualiza tion  on the vector d isp lay  are  available. 
The lines can be e i ther  rem o v e d  entirely , ch an g ed  to d a sh e d  lines, or 
u n to u c h ed  and  thus left unchanged . A z-buffer m e th o d  is used  for the 
e l im ination  of h id d e n  surfaces in the raster display. In this latter display, 
all the schem atic  e lem ents  are co loured  and  sh a d e d  g iv ing  a realistic  
represen ta tion  of the model. To specify w hat portion  of the pro tein  is to 
be lab e lled  is a lso  u n d e r  the u se r 's  con tro l th ro u g h  in p u t  da ta .  
M anipu la tion  of the m odel is not possible as the p ictures are still.
U ser co m m u n ica tio n  w ith  the system  is a lm ost nonex isten t as the 
only user control of the system is by m eans of the keyboard.
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As this system  does not perm it interactive m an ipu la t ion  by the user, 
a g roup  of researchers  from  IBM UK Scientific C entre  have  deve loped  a 
m ore  flexible system discussed in the next section.
2 - 2 - 8  I B M  UK Scientific Centre
A t IBM UK Scientific Centre , in W inches ter  (G.B.), a la rge  system  
W IN S O M  (W IN chester SOlid M odeling),  w as  d e v e lo p e d  ([TODD 83], 
[BURRI 84] & [Q UA RE 84]) w h e re  th e  u s e r  m o d if ie s  s c h e m a t ic  
re p re s e n ta t io n s  of p ro te in  sec o n d a ry  s t ru c tu re s  in te rac tive ly .  The 
h a rd w a re  consists of an IBM 3031 m ainfram e, coupled  to a IBM Series/1  
m in icom pu te r  w hich  is u sed  as a d isplay controller. This m in icom pute r  
controls a calligraphic d isp lay  (Vector General 3303 ) and  a raster d isplay 
device (IBM 3279).
The sy stem  as a w h o le  is a cons truc t ive  so lid  g e o m e try  (CSG) 
m odeller  used  to help  m odel molecules. The CSG m odeller  is a p rogram  
w hich  can d ra w  sim ple  geom etric  p r im itives  such  as spheres ,  cylinders  
and  planes. These can be com bined by boolean operations  to build  m ore 
com plex  shapes. C onsequen tly ,  very  s im ple  app lica tion  p ro g ra m s  are 
w ritten  in o rd e r  to genera te  a varie ty  of rep resen ta tions  from  m olecular 
data. Flexibility of the system comes from the use of a relational database  
s y s te m  to co llect a n d  s t ru c tu re  the d a ta  r e q u i r e d  for a p ic tu re  
([MORFF 83b] & [MORFF 84]). It can result, for example, in the generation 
of an appropria te ly  coloured m ixture of atom, backbone and  ball-and-stick 
r e p re se n ta t io n s  [BURRI 89]; e lectrosta tic  po ten tia l  m a p s  m ay  also be 
d isp layed . W hile the major use of W INSOM  is to m ode l m olecules, it 
can also be used  in archaeological reconstruction, biological applications 
and  scu lp tu re  [BURRI 89].
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Extension of the project is tow ard  the use of a logic-based language  
PROLOG, as an  alternative  to using  the relational a lgebra  query  system, 
w ith  the goal of deve lop ing  a k now ledge  base system  in o rder  to m odel 
novel po lypep tides  and  proteins [MORFF 86].
2 * 2 * 9  M O L P L O T : M olecule D isp lay  u s in g  a M icrocom puter
M O L PL O T  (M O L ecu la r  PLOT) has  b een  d e v e lo p e d  by  C la rk  
[CLARK 88] at the Beecham Pharm aceuticals  Research Division in Surrey 
(U.K.). All the p rogram s w ere w ritten  in BASIC using a DEC Professional 
300 series m icrocom pute r  w ith  a m em ory  of 256 Kbytes. P rogram s and  
datafiles are s tored either on two floppy diskettes of 400 Kbytes each, or on 
a 5 to 10 m eg ab y te  h a rd  disk. The d isp lay  dev ice  is a m o n o c h ro m e  
960x340 b i tm a p p e d  g raph ic s  m o n ito r  s u p p l ie d  as s ta n d a rd  w ith  the 
m ic ro co m p u te r .
In spite  of the restric tions encoun te red  in m e m o ry  space, the slow  
execution process of the m icrocom puter ,  the lack of colour an d  that the 
fact that BASIC is not an ideal language for m olecular graphics p rogram s, 
the results p roduced  w ere satisfactory.
The m olecu la r  g raph ics  package  is well s t ru c tu re d  in to  a su ite  of 
p ro g ra m s  a n d  allow s the use r  to d isp lay  m olecu les  from  C am b r id g e  
C rystallographic  data  files (CSSR) as well as the alpha-carbon backbone of 
p ro te ins  from the Brookhaven PDB data  files.
O ne  of the p ro g ram s  is a m e n u  p ro g ra m  w h ich  d isp la y s  on  the 
screen the choice of the p ro g ram s  available  to the user. Tw o of the 
p ro g ra m s  deal w ith  d isp lay in g  an d  sav ing  sm all m olecu les  from  the 
CSSR bank and  are som ew hat irrelevant to ou r  study.
33
S urvey  of R elated  W ork
The o ther  p rog ram s deal w ith  p ro te in  s truc tu res  by d isp lay ing  the 
a lpha -ca rbon  backbone  of the m olecule  w h e re  a lpha-carbon  a tom s are 
joined successively. To m in im ize  m em ory  storage, the da ta  are initially 
preprocessed  by  allow ing only the alpha-carbon entries from the PDB file 
to be read  and  stored in a m ore  com pact file. This new  file also contains 
som e o ther in form ation  d iscussed  further.
D ep th  cue ing  of line segm en ts  is no t d o n e  a u to m a tica l ly  b u t  is 
available  as an  op tion  because ,for that, a tim e consum ing  d ep th  sort is 
requ ired  accord ing  to the z-coordinates  (effectively the d istance from  the 
viewer). To rem edy  the lack of shad ing  in the system, various line styles 
—solid, d a sh ed  and  do tted  lines— are u sed  to ind icate  the d e p th  cueing  
effect; the fu rther aw ay  the m ore  broken are the lines. Stereoscopic views 
are available as an option  w here  two views of the m olecule are separated  
by  5 degrees  in the y d irec tion  an d  sh o w n  side  by side. P reselected  
portions  of the protein , w hich are s tored in the in p u t  file, can be d raw n  
w ith  different line styles. This varian t m igh t be useful if, for instance, a 
user  w an ts  to look at d ifferen t d o m a in s  w ith in  the sam e p o ly p e p tid e  
chain. The m odel can be ro ta ted  in any  of the three  cartesian  axis by 
typ ing  in the co rresponding  code en try  for som e defined  angle d isp layed  
as a m e n u  op tion  on the screen. Every time the m o d e l is ro ta ted ,  a 
rescaling is pe rfo rm ed  in o rder  to get the w hole  m olecule d isp layed  on 
the screen. The residues can be labelled specifically w ith  the am ino  acid 
res idue  nam e and  n u m b e r  by typing in the desired  three le tter code from 
the  tw e n ty  ex ist ing  one. T hese  labels  are  w r i t te n  in an  "overlay  
c o m p l im e n t  s ty l e "  w h ich  a llow s the ir  rem o v a l s im p ly  by re -w rit in g  
th em  w ith  the b a c k g ro u n d  colour, nam ely  w hite . This clever idea 
som etim es has the side effect of w riting  over and  thus  e ras ing  pieces of 
the backbone chain. Views of the protein can be saved by asking the user 
to e n te r  a n e w  f i le n a m e  a n d  th u s  a l lo w in g  h im  to r e s u m e  
w o rk  the  nex t session . An o n - l in e  h e lp  m a n u a l  p r o g ra m  is a lso
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available.
The in te rface  w ith  the  sy s tem  is b a sed  on  a m e n u  c o m m a n d  
language. The only available inpu t device is the keyboard  w here  the user 
has  to type  in an  a p p ro p r ia te  key code d isp la y ed  nex t to each  m e n u  
selection box.
2 • 2 • 10 I H D : Intrasequence Homology Display
The system  described in this section shifts a little bit from  the above 
d isp lays of p ro te in  structures. It is m ore  rela ted  to p red ic ting  u n k n o w n  
p ro te in  s tructures  by com paring  their p r im ary  s tructure ; b u t  the w ay  the 
sequences  are  d isp la y ed  is s o m e w h a t  re la ted  to o u r  d ia g ra m m a tic a l  
pictures.
The IH D  (In trasequence H om o lo g y  D isplay) system  d e v e lo p ed  by 
M orris  [MORRI 881 at the Physical C hem is try  L abo ra to ry  in O xford  is 
b a se d  on a Silicon G rap h ic s  IRIS 3120 co lo u r  w o rk s ta t io n  w ith  a 
1024x768 re so lu t io n  screen  an d  w h e re  u p  to 4096 co lo u rs  m a y  be 
d isp la y e d  s im u l tan e o u s ly .  The so f tw are  has  b een  im p le m e n te d  in 
FORTRA N  77.
This system is designed  for hom ology modeling. It allows a scientist 
to de tec t  reg ions  of s im ila r i ty  b e tw ee n  tw o p ro te in  sequences  an d  
p ro v id es  h im  w ith  a varie ty  of tools in the in te rp re ta t io n  of sequence  
hom ology .
The  s e q u e n c e  of the  p ro te in s  a re  tak en  f ro m  the  N a t io n a l  
B io m e d ic a l  R e s e a rc h  F o u n d a t i o n 's  P ro te in  S e q u e n c e  D a ta b a s e  
[GEORG 851. It uses a sequence a lignm ent a lgori thm  [NEEDL 70] that
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enables a com parison  of all possible segm ents  of a specified length  from 
one  seq u en ce  w ith  all segm en ts  of the sam e len g th  from  the o the r  
sequence. A segm ent is m ean t to be a g roup  of N  successive am ino acids 
in the sequence w here  N  is chosen initially before executing the program . 
The o u tp u t  of this p ro g ram  gives the highest m a tch ing  pa irw ise  segm ents 
of the tw o sequences for every segm ent in the first sequence, along w ith  a 
score found  by the algorithm  for this m atch ing  pair. A th resho ld  value 
for the score is fixed an d  only  those m a tch ing  e lem en ts  w ith  a h igher 
score are subsequently  considered.
It is these results  that the IHD presents  as a graphical d isp lay  w here  
the only  in p u t  device on  h a n d  is a m ouse. The tw o  sequences  are 
p resen ted  as tw o horizontal lines, one in the u p p e r  half of the screen, the 
o th e r  on  the  low er half, w ith  g ra d u a t io n  m a rk e rs  eve ry  10 am in o  
acids an d  num eric  labels every  50 am ino  acids. Each am in o  acid is 
re p re s e n te d  as a co loured  vertical bar  in its a p p ro p r ia te  p lace  in its 
sequence.
Several op tions  are available  for the co lour cod ing  of the am ino  
acids and  have to be chosen before run n in g  the program . D epend ing  on 
w hat properties  —structura l, chemical, physicochem ical or statistical— the 
user w ants  to concentrate  on, a colour is assigned to every  g ro u p  of like 
am ino  acids so that every  am ino acid belongs to a separa te  colour group. 
This colour g roup ing  scheme is better than having  each am ino  acid given 
a different colour as this leads to a confusing display.
The pa irw ise  m a tch ing  schem es are sh o w n  by d ra w in g  for every  
m a tch ing  pair  of sequences, two similar rectangles in each sequence with 
each one  pos it ioned  at the location w h ere  the m a tch in g  starts. The 
height and  the w id th  of the rectangle is taken to be respectively the score
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and  the length  of the segm ent un d er  consideration. Next, a link is d raw n  
for every  m atch ing  pair  from  the m id p o in t  of the u p p e r  segm ent to the 
m id p o in t  of the lower, ins tead  of hav ing  a link for every  pair  of am ino 
acids in the tw o segments. This is to avoid  too m uch  clustering  on the 
screen. From this representa tion , regions of high sequence hom ology  can 
be detected as features hav ing  tall rectangles linked by connectors. If the 
connec to rs  a re  close to the vertica l line, this w o u ld  m e a n  th a t  the 
hom ology  is m ean ingfu l an d  no t just coincidental.
O p tio n s  are  m a d e  availab le  to d ra w  a link b e tw een  each pa ir  of 
re s id u e  tha t be long  to sim ilar regions. Those connec ting  lines are 
co loured either as the sam e colour of the two am ino acids if these hap p en  
to belong to the sam e g roup  ( called som etim es "direct hi t")  or o therw ise  
in ano ther  colour fixed initially. A no ther op tion  w o u ld  be to d ra w  only 
the direct hits by om itting  the o ther hits. This feature is generally  used 
w hen  the user w ants  a close-up look at a particu lar region.
O ther facilities are in teractive com m unica tions  w ith  the system  that 
allow s the user  to ask questions such as the d isp lacem en t be tw een  tw o 
similar segm ents  or the length  of the p red e te rm in ed  segm ent. Real-time 
t ra n s la t io n  of one  seq u en ce  in the h o r iz o n ta l  axis is p o ss ib le  an d  
h e lp s  a l ign  p a r t i c u la r  s e g m e n ts  u n d e r  c o n s id e ra t io n .  R ea l- t im e  
zo o m in g  on any  region, to detect reg ions  of par tia l  h o m o lo g y  is also 
available.
A n o th e r  useful u ti lity  is the colour ed i to r  w in d o w  w hich  allow s 
interactive changes of the 3 p r im ary  colours and  perm its  easy ad justm en t 
of these colours  for the colour g roup ing  actually  in use. The user has 
only to point at one of the g roup ing  colours show n  as a key on the screen 
an d  ad just the co rrespond ing  colour m anua lly  by m oving  the s im ula ted  
sliders in the colour ed ito r  w indow . This facility is well su ited  if, for
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instance, each am ino acid is assigned a separate  group; in this way, the key 
of one am ino  acid 's colour can be selected an d  its occurrences  can be 
h igh l igh ted  in the tw o sequences by m a n ip u la t io n  of the colour editor. 
A no ther po in t w orth  m ention ing  is that not too m any  colours are needed  
for d isplay; on ly  16 are  sufficient from  the 4096 tha t m ay  be d isp layed  
s im ultaneously  ou t of the 224 available colours available in the palette.
2 -3  DIFFICULTIES WITH EXISTING SYSTEMS
From  the  above  rev iew , w e  no tice  the  w id e  v a r ie ty  of m ode l 
represen ta tion  of proteins. This is unders tandab le  because of the fact that 
the object u n d e r  considera tion  has no ana logue  in real life. Tw o m ain  
s tream s of rep resen ta tio n  em erge  an d  d e p e n d  heav ily  on the g raph ics  
d isp la y  used . For those  system s described  based  on vec to r  refresh  
g raph ics  d isp lays,  the p ro te ins ' m odels  are  rep re sen ted  m a in ly  as line 
seg m en ts  an d  the surface  of the sp h e res  re p re se n t in g  the a tom s are 
ap p ro x im a te d  by do t surfaces. In these system s, fast in te rac tion  and  
m a n ip u la t io n  of the  m o d e l is e ffectively  p e r fo rm e d .  H o w e v e r ,  
pe rcep tion  of d ep th  is quite  lacking. W hile in tensity  d e p th  cueing  is a 
w ell es tab lished  techn ique  in these system s, the n eed  for m ore  d ep th  
percep tion  is needed . D epth  sorting  could  not be p e rfo rm ed  for such 
m odels  as w h en  tw o lines cross each o ther  there  is no  w ay  to ind icate  
w hich  one comes in front of the other. To alleviate this p roblem , some 
techniques had  to be devised. The rocking technique, for instance, allows 
the m o d e l to rock back an d  fo rth  th ro u g h  a fixed axis. But the 
inconvenience of this technique is that, if a v iew er w ants  to concentrate  
on a particu lar region, as is often the case, no pertu rba tion  is allow ed and 
hence the m odel has to stay still. H ow ever, s topp ing  the rocking m otion 
causes the loss of three-d im ensional perception.
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O n the  o the r  hand ,  system s tha t are based  on d isp lay ing  pro te in  
m odels  on a ras ter graphics d isp lay  have  the ad v an tag e  of being  m uch  
less a m b ig u o u s  in v isua liz ing  d e p th  than  the m ode ls  d isp la y ed  in a 
vector display. H ow ever,  they have the d isadvan tage  that m an ipu la t ion  
of the m ode l is aw kw ard .  For instance, in o rder  to get ano ther v iew  of 
th e  m o d e l ,  a u se r  has  to w a it  a co u p le  of m in u te s  a n d  loss of 
concentration  from  the user is a lm ost certain.
Thus, in a successful m olecu la r  rep resen ta t io n  system , the m odel 
im age  of a p ro te in  shou ld  s tim ula te  the im ag ina tion  of the viewer; the 
system  sho u ld  allow  the user to concentra te  on p ic tu res  w ith o u t  losing 
any  d ep th  perception  of the object d isplayed, w hile  avo id ing  a large time 
delay for the d isplay and  m anipu la t ion  of the images.
A n o th e r  im p o r ta n t  fea tu re  g o v ern in g  the s h a p e  of p ro te in s  tha t 
needs  to be clarified and  investigated  is the presence of hy d ro g en  bonds. 
F rom  the  system s describ ing  a p p l ied  m e th o d s  to v isua lize  secondary  
s truc tu res ,  it is usua lly  im possib le  for a user to see th ro u g h  the  object 
d isp layed . M oreover, w e are no t able to kn o w  h o w  m a n y  h y d ro g en  
b onds  are involved  in secondary  s truc tu re  features. Furtherm ore , there 
is no w ay  a researcher can investigate unpred ic tab le  features such as loop 
m otifs from  these m odels , w here  all that can be seen are som e know n  
specific features. So a factor tha t shou ld  be cons idered  is tha t it is 
im p o r tan t  no t to bu ild  in preconceived  ideas of w ha t w e expect to see, 
s ince this will m a k e  it h a rd e r  to d iscover  n ew  fea tu res .  O n  the 
o th e r  h a n d ,  the  w ell k n o w n  s t ru c tu re s  sh o u ld  be c learly  v is ib le . 
This b a lanc ing  act is a n o th e r  des irab le  fea tu re  tha t a sy s tem  sh o u ld  
achieve.
Finally, no system  readily  relates the th ree-d im ensional s truc tu re  of 
a p ro te in  w ith  re sp ec t  to its seq u en ce ,  a l th o u g h  this is a m ajo r
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r e q u ire m e n t  for p red ic t in g  p ro te in  s t ru c tu re  from  p r im a ry  s truc tu re .  
T here  sh o u ld  be an in teg ra ted  system  w h ere  all the d isp lays  for three- 
d im ensional s truc tu re  and  for sequence are correlated, a llow ing  the user 
to follow the relationship.
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Chapter 3
P R E P R O C E S S IN G  
O F  T H E  
P D B
3 1  INTRODUCTION
F i r s t ,  a b rie f  d e sc r ip t io n  of the  B ro o k h av en  PDB is g iven  in 
section 3 • 2. The necessary data  extracted from it, to be u sed  in the PH D  
pro tein  visualization package, need to be preprocessed  before being stored 
in various  files. N ote  that ano ther  w ay  of s toring  da ta  w o u ld  to use a 
da tabase  system . Some pro te in  m ode ling  system s, such  as W IN SOM  
[M ORFF 83b] a n d  M IDAS [FERRI 88a], are  b a se d  u p o n  d a ta b a s e  
m a n a g e m e n t  system s w h ere  bo th  s torage space requ irem en ts  an d  data  
access tim e are m in im ized . H ow ever ,  in these m olecu la r  system s as 
o p p o s e d  to ou rs ,  h u g e  a m o u n t  of d a ta  is m a n ip u la te d  (e.g. th ree- 
d im ensional coordinates of proteins, van der  W aals surfaces, electrostatic 
p o te n t ia l  fie lds, etc...) an d  I be lieve  th a t  the ex tra  co m p lex ity  of 
im p lem en tin g  a da tabase  system  does not give any th in g  special to m y 
sys tem , w h e re  d a ta  are ho ld  in the form  of files an d  accessed by C
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program s.
U pon  using the PH D  software, three inpu t files are usually  required: 
the  first file con ta ins  the a tom ic coo rd ina tes  of all the a tom s  in the 
p ro te in  u n d e r  s tu d y  (see section  3 • 3); the second  file con ta ins  the 
d ihedra l angles (psi and  phi) of all the res idues  constitu ting  the p ro te in  
(see section 3 • 4); the th ird  file lists all the hy d ro g en  bonds  invo lved  in 
the p ro te in  (see section 3 -5 ) .  A p ro g ram  is described  in each of these 
sections w h ich  p reprocesses  the re levan t data. Then, som e defin itions 
a n d  c r ite r ia  for a s s ig n in g  se c o n d a ry  s t ru c tu re s  from  the  PDB are 
d iscussed  (see section 3 • 6). The defin itions deal w ith  h y d ro g en  bonds  
in  a lp h a -h e l ic e s ,  b e ta  s t r a n d s  a n d  v a r io u s  tu rn s .  T h ey  w ill be 
n e e d e d  la tte r ,  in C h a p te r  5, w h e n  an a lg o ri th m  is p re s e n te d  w h ich  
d is t in g u ish es  b e tw ee n  var ious  types of s eco n d a ry  s t ru c tu re  features . 
M oreover, these defin itions and  p ro g ram s are very  useful, no t only  for 
m y w ork , b u t  can also serve as a s tarting  po in t for n ew  w orkers  in the 
field.
3 • 2 THE PDB
T he  th re e -d im e n s io n a l  s t r u c tu re  of m a n y  p ro te in s  h as  b een  
d e te rm in e d  by  m e an s  of X-ray c ry s ta l lo g ra p h y  analysis .  A tom ic  
c o o rd in a te s  for m a n y  of th e se  p ro te in s  are  a v a i la b le  f rom  the  
Brookhaven PDB [BERNS 77], w here  crystallographers  deposit their final 
da ta  in the form  of X, Y, Z coord ina tes  for each of the atom s, except 
hyd ro g en ,  of in d iv id u a l  molecules. The coord ina tes  of the h y d ro g en  
atom s are com pu ted  according to criteria explained  in section 3 • 5. The 
accuracy of p ro te in  s truc tu re  assignm ent is de te rm ined  by the resolution 
at w hich the X-ray crystallography has been perform ed. For a resolution 
of 1.5 A, refined structures are p rov ided  w here  ind iv idual side chains can
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clearly be detected (but not hydrogen  atoms). O ther unrefined  structures, 
are also available at a reso lu tion  just sufficient to trace the po ly p ep tid e  
chain (resolution generally  greater than  2.5 A). In m y research, I w ork  
w ith  54 p ro te ins  available  th ro u g h  the Biochemistry D epartm en t of the 
University  of Glasgow, all at a resolution of less than 2.0 A.
The entire  da tabank  is technically one file w ith  each m acrom olecule  
cons ti tu t ing  one  en try . Each en try  has a h u n d re d  or so lines at the 
beg inn ing , g iv ing  genera l in fo rm ation  abou t the m acrom olecu le  (nam e 
of molecule, name(s) of author(s), com m ents rela ting to specific atom s or 
res idues , am ino  acid sequence, etc...), followed by all the lines ( starting  
w ith  ATOM  ) giving the coord ina tes and  other in form ation  ( see below  ) 
abou t each atom. After this come lines ( starting w ith  HEM ATM  ) giving 
the coordinates of any  ligands ( i.e. small molecules that b ind  to proteins). 
At the en d  of each entry , there  are  lines that can usua lly  be d iscarded . 
The first line of each en try  begins w ith  H EA DER an d  can be u sed  to 
extract the requ ired  entry. The com plete  databank, w hich is available on 
m agnetic  tapes, occupies about 40 megabytes of store.
3 • 3 ATOMIC COORDINATE FILES
T he  d a ta  p r o v id e d  by  th e  PDB a re  n o t  in  a fo rm  m o s t  
biochemists w o u ld  find useful [MEYER 74]. C onsequently , I have  w ritten  
m y  o w n  c o m p u t e r  p r o g r a m  ( in  C l a n g u a g e ) ,  n a m e d  
PREPROCESS CO ORD , w hich  p rep ro cesses  every  e n try  of the PDB, 
separately. For each atom  of each protein, only the relevant data  needed  
for m y  s tu d y  of analysis of p ro te in  s tru c tu re  are considered , and  the 
following is stored:
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i) atom  type: code giving bo th  type of a tom  and  
its position  w ith in  the am ino  acid 
e.g. "CA" m e a n s  a l p h a - c a r b o n  
a to m
ii) am ino acid type: a 3 - le t te r  code, e.g. " A L A "  for
a la n in e
i i i )  am ino acid number: the am ino  acid n u m b e r,  as fo u n d  
in the PDB.
i v )  X
Y } coordina tes in 3-D space expressed  
in A ngstrom  ( 1 A  = 0.1 nanom eter)
In p u t to the p ro g ram  PREPROCESS COORD requ ires  a p ro te in  file 
(an en try  from  the PDB), say "3TLN", hav ing  the form at specified by the 
PDB. The o u tp u t  is a file con ta in ing  the in fo rm atio n  listed  above  
(inform ation  for one atom  per line) s tarting  at the th ird  line. The first 
line conta ins the nam e  of the m acrom olecu le , fo llow ed in the second 
line by the total n u m b e r  of a tom s in the p ro te in  an d  the n u m b e r  of 
residues; these num bers  are needed  as m em ory  is allocated dynam ically  
for such in p u t da ta  in m y PH D  softw are p rog ram  (see C hap te r  5). The 
base nam e of the o u tp u t  file is the sam e as that of the inpu t file bu t w ith  
an  ex tension  ".mol". For exam ple , if the n am e  of the in p u t  file is 
"3TLN", the nam e of the o u tp u t  file will be "3TLN.mol". F igure 3 • 1 
d isp lays a portion of the "3TLN.mol” file.
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3TLN: THERMOLYSIN
NUM._AT0M= 2 4 3 2  NUM__CA= 3 1 6
N ILE 1 3 4 . 3 2  1 40 . 41  7 - . 9 7 2
CA ILE 1 3 3 . 4 4 8 4 1 . 1 4 7 - . 0 1 3
C ILE 1 3 3 . 8 9 6 4 2 . 5 7 4 . 197
0 ILE 1 3 5 . 1 0 4 4 2 . 9 3 2 .315
CB ILE 1 3 3 . 3 0 9 4 0 . 2 2 8 1. 248
CGI ILE 1 3 1 . 7 9 2 3 9 . 9 6 4 1.498
CG2 ILE 1 3 4 . 0 0 2 4 0 . 6 1 9 2 . 5 6 2
CD 1 ILE 1 3 1 . 4 9 8 3 8 . 4 2 9 1. 577
N THR 2 3 2 . 9 3 4 4 3 . 4 8 7 . 355
FIGURE 3 • 1 Preprocessed C oord ina te  File "3TLN.mol"
3 • 4 DIHEDRAL ANGLE FILES
PREPRO CESS_DIH ED  is a C p ro g ra m  w h ich  g en e ra te s  all the 
d ihedra l angles of a particu lar pro tein  by storing in a file the psi and  phi 
angles for each am ino acid. F igure 3 • 2 show s a portion  of such file for 
the T herm olysin  protein; the first line contains the n am e  of the protein . 
S tarting at line two, d ihedra l angles are listed by specifying the one-letter 
code of the res idue  (see A ppend ix  1), followed by the psi and  phi angles 
associated w ith the residue. The base nam e of the o u tp u t  file is the same 
as that of the in p u t file, bu t w ith  the extension ".dihed". The in p u t file 
shou ld  be of similar format as the preprocessed  coordinate  file.
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3TLN: THERMOLYSIN
1 143 0
T 125 - 98
G - 1 6 6 - 1 7 1
T 128 -  9 4
S 135 -  71
T - 1 7 8 - 1 4 5
V 130 - 1 3 0
FIGURE 3 • 2 Preprocessed Dihedral Angle File "3TLN.dihed"
3 • 5 HYDROGEN BOND FILES 
3 5 1 Placement of Hydrogen Atoms
H y d ro g en  bond ing  is of great im portance  in chem istry  and  biology. 
Three different type of bonds are categorized : in ter-m ainchain , sidechain 
— m ainchain , and  in ter-sidechain  h y d ro g en  bonds. These h y d ro g en  
b onds  consist of a sequence O - H N  or O H - O ,  joining differen t am ino 
acids in the chain. O ne problem  is that the position of hydrogen  atom s is 
no t k n o w n  from the PDB, d u e  to lim itations in the reso lu tion  of X-ray 
crystallography.
In m y w ork , the position  of all the re levan t h y d ro g e n  a tom s are 
calculated by the p rocedure  similar to the one used by Baker and  H ubbard  
[BAKER 84]. The placem ent of a hyd rogen  atom  dep en d s  on w hether  it 
is located on the m ain  chain or the side chain. For exam ple , in inter-
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m ain ch a in  h y d ro g e n  bonds ,  on ly  m a in  chain  am id e  h y d ro g e n  atom s 
(hydrogen  atom  b onded  to the m ain  chain nitrogen atom) are considered. 
For these  b o n d s ,  the  h y d ro g e n  pos it ions  are  genera lly  k n o w n  from 
s tan d a rd  geom etry  : all h y d rogen  atoms b o n d ed  to their co rrespond ing  
n itrogen  atom  have a s tandard  N H  bond  length  of 1 A; the coordinates of 
the hy d ro g en  atom  are com pu ted  by placing the hy d ro g en  atom  on the 
bisector of the angle C • N  • C a  , and  in the p lane defined by C, O, N  (see 
Figure 3 • 3).
The position  of the relevant hy d ro g en  atom s on the side chains (for 
s id ech a in  — m a in c h a in  an d  in te r -s id ech a in  h y d ro g e n  b o n d in g )  are  
c o m p u te d  in a s lightly  d ifferent m an n er  (see Baker & H u b b a rd  article 
[BAKER 84] for further details).
FIGURE 3 • 3 H ydrogen  Atom Placement on the Main Chain
3 5 2 Hydrogen Bond Computation
A m ajo r  p ro b le m  arises  w h e n  a u se r  w a n ts  to d e f in e  w h a t  
constitu tes  a h y d rogen  bond. In o ther w ords,  there  exists no  universal 
definition of hyd rogen  bonds. Kabsch & Sander [KABSC 83] define it by 
using  electrostatic energy; o thers  consider criteria abou t only  d istances
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be tw een  specific a tom s (usually  PDB crys ta l log raphers ' data). In m y 
research, I use  Baker and  H u b b a rd  rules [BAKER 84] to define hyd rogen  
bonds; they are simple and  effective.
Once the coordinates of the re levant h y d rogen  atom s are com puted , 
h y d rogen  bonds  are found  by app ly ing  the Baker & H u b b a rd  criteria. For 
instance, the in ter-m ainchain  h y d ro g en  bonds  are found  in the following 
w ay  : all com binations of O...H (w here O belongs to the m a in  chain CO 
g roup  and  H  to the am ide g roup  N H ) w hich satisfy the correct angles (i.e. 
N  • H  • O > 120° an d  H  • O • C > 90°) and  distance rules (i.e. O ...H  < 2.5 A) 
are accepted as being in ter-m ainchain  hydrogen  bonds  joining the N H  to 
the CO g roup  (see Figure 3 • 4). D isu lph ide  bonds are inc luded  as being 
in te r -s id ech a in  h y d ro g e n  bonds; a pa ir  of cyste ine  re s id u es  form s a 
d isu lp h id e  b o n d  if the d istance separa ting  the two su lp h u r  a tom s is less 
th an  1.5 A. The o th e r  in te r -s id ech a in  an d  s idecha in  — m a in ch a in  
h y d ro g en  b onds  are found  accord ing  to o ther  ru les defined  in Baker & 
H u b b ard  review.
FIGURE 3 • 4 C onditions  for Acceptance of In ter-M ainchain  H ydrogen  
Bonds
-  [3 > 90°
-  0 >  120
-  O - H  < 2.5 A
Baker & H u b a rd  criteria:
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The p ro g ra m  PREPROCESS_HBOND, w rit ten  also in C language , 
genera tes  all the h y d ro g en  bonds  of a par ticu la r  p ro te in  by find ing  all 
possib le  O...N, O...O and  S...S pairs; com p u tin g  the re levan t h y d rogen  
a tom  coordinates; an d  app ly ing  tests of d is tances and  angles. This is 
d o n e  in an exhaustive  m a n n e r  from  the N -te rm ina l to the C -term inal 
a m in o  ac id  of a p ro te in .  This p ro g ra m  w as  im p le m e n te d  by  a 
collaboration betw een  Dr. Poet and  myself.
The p ro g ra m  also requ ires  the  sam e in p u t  file as the one  u sed  in 
PREPROCESS_COORD. The o u tp u t  is a file listing all the hy d ro g en
bonds  (one h y d rogen  bond  per line) s tarting at the th ird  line. The first
line contains the n am e  of the m acrom olecu le ,  fo llow ed in the second 
line by, successively, the total n u m b e r  of hyd ro g en  bonds  in the w hole 
p ro te in ,  the in ter-m ainchain , the s idechain  — m ainchain  an d  the inter- 
m ainchain  num b er  of hydrogen  bonds. The base nam e of the o u tp u t  file 
is the sam e as tha t of the in p u t  file b u t  w ith  the ex tension  ".hbond". 
F igure  3 • 5 show s a po rtion  of the "3TLN.hbond" file. S tarting  at line 
three, hydrogen  bonds are listed w ith the following information:
i) Group 1 - hydrogen bond category -
It is a s tring of 3 characters, w here  the first characters 
represent the category type of hydrogen  bonds (e.g. '4' : 
in te r -m a in ch a in ;  ’5 ’ : s idecha in  — m a incha in ;  '6' : 
inter-sidechain). The last two characters represent the 
tw o connectors  of the h y d ro g en  bond  (e.g. 'N' : N i l  
g roup ; 'O' : CO group; ' S' : Sulfur, etc...). As an 
exam ple, '4NO' s tands  for in te r-m ainchain  hy d ro g en  
bonding  betw een N H  and CO groups).
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ii) Group 2 - Length information -
- ' leng th ' of the  h y d ro g e n  b o n d  c o m p u te d  as the 
absolute  value of the difference, R, be tw een  the PBD 
am ino acid num bers  of the two residue  involved.
iii) Group 3 - Information on first  group -
- PDB am ino acid num ber
- one-letter am ino acid code identifier
- a tom  n u m b e r  reference, n, invo lved  (e.g. n = -1 for 
N; n = 0 for CA; n = 1 for C; n = 2 for O; n > 2 for side 
chain atoms)
iv) Group 4 - Information on second group -
- PDB am ino acid num ber
- one-letter am ino acid code identifier
- a tom  n u m b e r  reference involved
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3TLN: THERMOLYSIN
NUM HBr 3 5 4  INTER M AI N = 197 SIDE M A IN = 91 SIDE SIDE= 66
4N0 0 1 1 -1 1 1 2
5 0 0 2 3 2 T 2 25 S 4
4N0 20 4 T -1 2 4 Y 2
40N 20 4 T 2 2 4 Y -1
6 0 0 2 8 5 S 4 33 N 5
4N0 16 6 T -1 22 T 2
40N 16 6 T 2 22 T -1
6 0 0 16 6 T 4 22 T 4
4N0 12 8 G -1 20 1 2
4 0  N 12 8 G 2 2 0 1 -1
4N0 51 9 V -1 6 0 N 2
40N 53 9 V 2 62 F -1
FIGURE 3 • 5 Preprocessed H ydrogen  Bond File "3TLN.hbond"
N ote  that for all hydrogen  bond entries, the PDB am ino acid num ber 
of g roup  3 is never greater than the PDB am ino acid n u m b er  of g roup  4; 
this is to force the o rien ta tion  of a h y d ro g en  b ond  to go from  the N- 
te rm in u s  to the C -te rm inus .  These h y d ro g e n  b o n d s  are  lis ted  in 
ascending  order  (with respect to their g roup  3 am ino  acid) from the N- 
te rm inus  to the C-term inus. W hen m ore  than tw o bonds  are involved  
at a com m on am ino  acid, the in ter-m ainchain  bonds  are listed first then
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com e the s idechain  — m ainchain  bonds  and  finally the inter sidechain  
ones.
3 • 6 INTER -M A IN C H A IN  HYDROGEN BO N D  PATTERN  
DEFINITIONS
The successful analysis of the relation be tw een  the sequence and  the 
s t r u c tu r e  of a p ro te in  re q u ire s  an  u n a m b ig u o u s  a n d  p h y s ica l ly  
m ean ingfu l defin ition of secondary  structure . In the B rookhaven PDB, 
several secondary  s truc tu res  have  been  ass igned  by crys ta l log raphers .  
H o w e v e r ,  sev e ra l  sh o r tc o m in g s  h a v e  b een  fo u n d  in the  ex is t ing  
com pilations d u e  to the fact that these assignm ents  are often subjectively 
defined  an d  som etim es incom plete  [KABSC 83].
T here  has  b een  no  s ta n d a rd  d e f in i t io n  of w h a t  c o n s t i tu te s  a 
s eco n d a ry  s truc tu re .  Several a lg o ri th m s are  fo u n d  th ro u g h o u t  the 
litera ture  that extract s tructura l features from the atomic coordinates (for 
review  see [ROSE 76], [LIFSO 80], [LEVIT 77] & [KABSC 83]). Each one of 
these approaches  has its s treng ths  and  w eaknesses  and  d ep en d s  on the 
p u rp o se  for which the research is aimed. The definitions I use are taken 
from Kabsch and Sander [KABSC 83] w here  the au thors  develop  a pattern  
recognition process for hydrogen  bonds in secondary  structures. In this 
section, first, som e e lem en tary  h y d ro g en  bond  features such as "turns" 
and  "bridges" are defined, and, based on them, a-helices and  [3-ladders. In 
o th e r  w ords ,  secondary  s truc tu res  are recognized  as be ing  repea ts  of 
e lem entary  units of hydrogen  bond ing  patterns.
52
Preprocessing  of the PDB
3 6 1 Elementary Hydrogen Bond Patterns
The e lem entary  hy d ro g en  bon d  pa tte rns  are of tw o sorts: tu rns  and
bridges. The tu rn  p a t te rn  is a single h y d ro g en  bon d  of type  (i, i + n),
often called an n-turn (with 1< n <6), that exists be tw een  the CO group  of 
am ino  acid i a n d  the N H  g ro u p  of am ino  acid (i + n). This can be 
anno ted  as : n-turn(i) = Hbond(i,i+n), n = 2, 3, 4, 5.
Figure 3 • 6 illustrates a 3-turn hydrogen  bond.
i i +1 i + 2 i+3
N  - C - C — N  - C - C — N - C - C — N - C - Ca  a  a  a
H  O H  O H  O H  O
>  <
3- tu rn
FIGURE 3 - 6  A 3-Turn H ydrogen  Bond
W h en  tw o  non  o v er lap p in g  stre tches of th ree  re s id u es  each, say 
(i -  1, i, i + 1) and  (j -  1, j, j + 1), form a bridge, being either a parallel or 
an tipara lle l  one, d e p en d in g  on the pa t te rn  of the bridge. F igure 3 • 7 
il lus tra tes  these tw o notions. N ote  that each h y d ro g en  b o n d  in this 
p a t te rn  has n, the d ifference b e tw een  the tw o am ino  acid sequence  
num bers  involved  in the hydrogen  bond, greater than 5.
3 - 6 - 2  Patterns for Alpha Helices
R epea ting  t u rns  are helices. We usually  find three types of a lpha
53
Preprocessing of the PDB
helix  accord ing  to the type  of tu rns  fo u n d  i.e. alpha_3, a lpha_4 and  
alpha_5. A m in im u m  helix is defined by two consecutive n-turns. The 
alpha_4/ genera lly  called an a lpha  helix, is the m ost com m on and  is 
defined  by a series of successive 4-turns. A lpha helices can have  some 
irregularities , w here  not all hyd ro g en  bonds  are form ed, and  thus m ake 
them  imperfect.
1 i+1 i+2 i+1 i+2
N - C - C -  N - C - C -  N - C - C . 
H a O H a O H a O
H
X  X0
O H O H O
N _Cd C - N - C a- C - N - C a - C. .
H-bonds (• or ^  )
j+ 2
N - CL- C — N - C - C  — N - C ft- C 




H O H O H
„ N — C - C  - N  — C - C  - N.  a  a  a
i + 2
H -b o n d s( t  or
i + i
Parallel bridge Antiparallel bridge
FIGURE 3 • 7 Bridge Patterns
3 6 3 Patterns for Beta Sheets
R epea ting  b ridges  are ladders (or pair of strands)  w here  a la d d e r  is 
defined  as a set of one or m ore  consecutive  b ridges  of identical type. 
C on n ec ted  la d d e rs  are  sheets , e i ther  para lle l or an tipara l le l ,  w h e re  a 
sheet is defined  as a set of one or m ore  la d d e rs  connec ted  by shared  
re s id u es .  A so m e w h a t  m ore  flexible de f in i t io n  of shee ts  is u sed  
th ro u g h o u t m y research. In the ru les govern ing  sheet bonds, the sam e 
defin ition  of a lad d er  applies  w ith  som e ad d it io n a l  flexibility : e.g. a
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m issing bond  from a bridge is perm issib le  bu t no two consecutive bonds 
from  tw o  consecu tive  b ridges  sh o u ld  be missing; in such  a case, the 
la d d e r  is d iv ided . Figure 3 • 8 illustrates two cases. In Figure 3 • 8 • a, 
only one b ond  is m issing from the second b ridge  and  thus one ladder  is 
c o n s id e re d .  In F ig u re  3 • 8 • b, tw o  co n secu tiv e  b o n d s  from  tw o 
consecutive bridges (bridge 2 and  3) are missing; in this case the ladder  is 
d iv id ed  into tw o ladders. The algorithm  w hich  detects such  features is 
described in C hapter 5.
1  m issing bond
2  m issing bonds
a/ b/
FIGURE 3 • 8 Formation of Ladders
3 - 6 - 4  Patterns for Loops and Various Turns
Various sorts of nonrepetit ive  s truc tu res  have also been defined  in 
the literature. M ilner-W hite  and  Poet [MILNH 87b] describe h y d rogen  
bon d  patte rns  for various nonrepetitive  s tructu res  such as gam m a-tu rns ,  
beta-turns, beta-hairpins, paperclips, beta-bulges, som e o ther  loop motifs, 
as well as for a lpha helices and beta sheets.
For instance, a gam m a turn is a 2-turn hydrogen  bond; a be ta-turn  is
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defined  as being  a 3-turn  hy d ro g en  bon d  w hich  does not belong to an 
a lp h a  helix; a p ap erc lip  is a loop  m otif  com m o n ly  fo u n d  at the C- 
term inal ends of alpha-helices and  can recognized as a succession of a 5- 
tu rn  an d  a 3 - tu rn  h y d ro g e n  bond; a b e ta -bu lge  can be re g a rd e d  as 
occurring  w here  an extra am ino  acid is inserted in one ladder, or strand, 
of beta-sheet , thus d is rup ting  the hyd rogen  bond ing  and  causing a bulge 
in the beta-sheet. These definitions will be used  th roughou t the thesis.
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Chapter 4
P R O T E IN  V IS U A L IZ A T IO N
A N D
U S E R  M A N I P U L A T I O N
4 1  INTRODUCTION
In this chapter, the user interface design and  the user m an ipu la tion  
of the P H D  p ro te in  v isu a l iz a t io n  so f tw are  p ack a g e  are  th o ro u g h ly  
exp lored  and  described, leaving all the details of internal structure , data  
s tru c tu re  an d  m an ipu la t ion ,  and  a lgori thm  descrip tions ,  un til the next 
chapter.
4 - 2  TASK ANALYSIS
The first s tep w as to define the task analysis  of the project. This 
initial s tage m u s t  alw ays p receed  the design  of an in terac tive  system  
w here  u se r’s needs are carefully s tudied . It often involves in terv iew ing  
p rospec tive  users, s tudy ing  their w ork ing  en v iro n m en t and  m easu ring
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their perfo rm ance  [NEW NA 79]. A synthesis  of this analysis forms the 
s tarting po in t for the user interface design.
The task  analysis  of m y system  has been  carried  o u t  w ith  a close 
co l lab o ra t io n  of th e  B iochem istry  D e p a r tm e n t  a t the U n iv e rs i ty  of 
G lasgow . Dr. M ilner-W hite , the e n d  u se r  an d  an  expert  in p ro te in  
s truc tu re  analysis, has devo ted  considerable  tim e to define and  s tu d y  the 
goals of the system.
The goal of the research w as to develop  w ays of p ic tu r ing  proteins 
tha t assist in u n d e rs ta n d in g  bo th  their th ree -d im e n s io n a l  s truc tu re  and  
the re la tionship  be tw een  it and  their sequence.
O n one  h an d ,  the system  m u s t  a llow  the user  to d irec t the effort 
to w a rd  his in v es t ig a t io n ,  an d  no t to w a rd  the  system . For that, a 
t r a n s p a re n t  v iew  of the system  is requ ired , avo id ing  the user, as far as 
possible, know ing  any th ing  abou t the in ternal opera tions (i.e. know ledge  
of file s truc tu re ,  in te rna l d a ta  s tru c tu re ,  etc...). This is p a r t icu la r ly  
im p o r tan t  in system s to be used by researchers w ho  do  not have  a s trong 
com pute r  background.
O n the o ther hand , another fundam en ta l  question  arises as to w ha t 
in fo rm a tio n  sh o u ld  be p re s e n te d  on the screen an d  h o w  to d isp lay  it 
in  the  m o s t  e ffec tive  m a n n e r .  In o rd e r  to u n d e r s ta n d  the three- 
d im en s io n a l  fo ld ing  of these ex trem ely  com plex  objects, a facility for 
ex am in in g  them  at several levels of their  s tru c tu re  is essential. The 
m ain  levels of proteins, selected to b ring  ou t the m ost va luab le  insights  
in the project u n d e r  s tudy  are : overall shape, chain s truc tu re  and  folding, 
secondary  structure, atomic details and  sequence. It is difficult to display 
all su ch  in fo rm a tio n  in one p ic ture , for these very  la rge  m olecules,
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because  of the h uge  am oun t of detail involved. The app roach  taken in 
the  p re se n t  w o rk  concen tra te s  on d e v e lo p in g  re la tive ly  s im p le  an d  
inform ative pictures that focus on the relevant features app rop ria te  at the 
different levels. The s trategy adop ted  in p ic tu ring  pro te ins  is based on 
the idea of multi-level displays, w here  the p ic tu res  can be m an ip u la ted  
interactively and  d isp layed  sim ultaneously , taking adv an tag e  of w in d o w  
m a n a g e m e n t  te ch n iq u es  in c o rp o ra te d  in w in d o w  system s; in such  
en v iro n m en t,  in te res ting  sections of p ro te ins  can be selected, show ing  
chain structure , atomic details or d iagram m atic  views.
H o w ev er ,  no s ta n d a rd  w in d o w  system  has been a d o p te d  by the 
various  vendors  in the in d u s try  trend  to m ake  so ftw are  po rtab le  from 
one m achine to another. There exists two types of w in d o w  systems. The 
so called kerne l-based  w in d o w  system s (such as the A p p le  M acin tosh  
Toolbox), closely tied to their respective hardw are , are difficult to po rt  to 
o th e r  m achines; in these en v iro n m en t ,  w in d o w  system  func tions  are 
h an d led  the sam e w ay  as other operating  system  calls [STERN 87]. The 
other recent w in d o w  systems encountered  are the ne tw ork-based  w indow  
systems (such as the X W indow  System), w here  the w in d o w  system  is not 
p a r t  of the kernel. For exam ple, the X W in d o w  System  is based  on a 
c lient-server model. The server process (or d isp lay  server), a ttached  to 
each physical d isp lay  on a ne tw ork  system, controls the d isp lay  screen, 
k ey b o a rd  an d  m ouse  of its co rre sp o n d in g  w orksta tion . All dev ice ­
dependencies  are encapsu la ted  by the server while client applications are 
d e v ic e - in d e p e n d e n t .  In o th e r  w o rd s ,  o nce  a s e rv e r  has  been  
im plem en ted  for a machine, any application using the X W indow  System 
can be b rough t to the machine. Therefore, a p ro g ram m er  w ho  wishes to 
w rite  applications  that ru n  u n d e r  X W indow  System m ust perfo rm  all 
g raphics rou tines  by using  only p rocedu res  from the X graph ics  library 
available (called Xlib). W riting an application this way makes it portable 
to any h a rd w a re  su p p o r t in g  an X server by s im ply  recom piling  it; no
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changes in the code are requ ired  ([SCHEI 86] & [STERN 87]). From this 
ana lysis ,  it is clear tha t an X W in d o w  System  is su itab le  for my 
application in o rder to m ake it portable to various h a rd w are  equipm ents . 
H ow ever,  this has not been the case, mainly, because X (version 11) was 
n o t  in s ta l led  un ti l  M ay 89 in ou r  C o m p u t in g  Science D ep a r tm en t .  
Consequently , d u e  to lack of time, it w as not possible to rew rite  the w hole 
app lica t ion  in an X env ironm en t.  It is cu rren t ly  im p le m e n te d  on  a 
W hitechapel colour w orksta tion  w hich  su p p o r ts  a kernel-based  w in d o w  
system.
Going back to the application in itself, the u se r’s ability to visualize a 
th ree -d im ensiona l s truc tu re  from a tw o-d im ensiona l d isp lay  is also an 
im portan t  factor to consider and  is related to com m unica tion  betw een the 
user  an d  the system . This po in t shou ld  be cons idered  in d isp lay ing  
p o ly p e p t id e  chain  s truc tu res ,  as well as their a tom ic  deta il e lem ents. 
A nother p rerequisite  for these representa tions is to be able to see th rough  
the object d isp layed . M oreover,  a w ay  to correlate  the re la t ionsh ip  
be tw een  three-dim ensional s tructure  of pro tein  and  sequence (or p rim ary  
s tructure) shou ld  also be displayed. An aspect that shou ld  be borne  in 
m in d  is to m a in ta in  a consis ten t fo rm at from  one  d isp lay ,  say  the 
po lypep tide  chain picture, to another, say the p rim ary  s truc ture  view.
The s tudy  of a biochem ist w ork ing  env ironm en t show s that a need 
for m ore inform ation detail is needed  to detect protein s truc tu re  features. 
W hen  pic tures of w hole proteins are d isp layed  in the curren tly  available 
systems, they are almost invariably represented  as chains w ith  the alpha- 
helices and  s trands of beta-sheet singled out in som e w ay (see C hap ter  2). 
A l th o u g h  th is  is a c o n v e n ie n t  re p re s e n ta t io n ,  it do es  m a k e  the  
a ssu m p tio n  tha t these particu la r  features are the m ost im p o r tan t  ones. 
There is no w ay  a researcher can investigate unpred ic tab le  features from
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these models. So a factor that should  be considered is that it is im portan t 
no t to build  in preconceived ideas of w hat we expect to see, since this will 
m ake  it h a rd e r  to d iscover new  features. O n the o ther  hand ,  the well 
k n o w n  structures shou ld  be clearly visible.
This ph ilosophy  has gu ided  the developm en t of the user interface of 
the PH D  pro te in  v isualization  system  and form ed the basis for deciding 
h o w  the p ackage  sh o u ld  be p re sen te d  to the user. S h n e id e rm an 's  
"Golden Rules of Dialog Design" [SHNEI 87] have been closely followed 
as a gu idance  for the des ign  of the m en u  d r iven  system . W henever 
possible and appropria te , these rules w ere applied.
4 - 3  WINDOW ARCHITECTURE
4 - 3 * 1  CGI Window Manager
The C G I W in d o w  System  p ro v id e s  the u se r  w ith  in te rac t iv e  
controls  over the position  and  size of each w in d o w  d isp layed  on the 
screen. These controls are part  of the W indow  M anager. They are an 
in teg ra l p a r t  of the G EN IX 1 p ro g ra m m in g  e n v i ro n m e n t  an d  of any  
application  developed  for the CGI using  the W indow  System. The user 
shou ld  be aw are  of the following points w henever  using  an application. 
H e can change any w indow 's  size and position. He can also change a 
w in d o w  p r io r i ty  re la t iv e  to o the r  w in d o w s  as the  CG I s u p p o r ts  
o v e r la p p ed  w in d o w  m odels. M oreover, he can stow  a w in d o w  in its 
icon, or uns tow  the w in d o w  to d isplay it back on the screen. Eor m ore 
in fo rm ation  abou t the interface w ith  the W in d o w  System inco rpo ra ted  
in the C G I, the reader  is recom m ended  to read  the user m anua l of the
1 T h e  C G I r u n s  u n d e r  CEIX'IX, a variant o f  the LW'IX O p e r a t in g  s y s t e m  IGHN'IX H4]
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W hitechapel [WHITE 84] and  the m e thodo logy  of w in d o w  m anagem en t 
book edited by H opgood and al. [HOPGO 86].
For the PH D  application software, the user has to be aw are  of the 
c o n v e n t io n s  l is ted  be lo w , w h ich  are  d e te rm in e d  by the  W in d o w  
M anager. The w indow s d isp layed  follow the following rules:
- Corners  have a fixed appearance, and  contain controls 
for m oving, changing size and  changing  priority.
- Icons are d isp layed  as squares w ith  a title nam e of the 
corresponding  w indow , and  have the lowest priority.
A typical w in d o w  is show n in Figure 4 - 1 ,  w here  the text in the title 
bar  is only accessible by the application program.
M o v e
TITLE
0
C h a n g e  H o r i z o n t a l l y
C h a n g e  V er t ica l ly
0
FIGURE 4 . 1  A Typical W indow  in the CGI
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4 * 3 * 2  The PHD Window Architecture
In the PH D  software application, there are 5 different w indow s:
- Polypept ide Chain W indow
- Atom ic  Detail  W in dow
- D iagram m at ic  W in d o w
- Message  W in d o w
- Colour Key Window
As a convention , I will be referring  to these w in d o w s  th ro u g h o u t 
the  rest of the thesis by w rit ing  them  in italic font. The overall 
c o n c e p tu a l  im ag e  of this tw o  level w in d o w  sy s tem  is sh o w n  in 
F igure  4 • 2. The Polypept ide Chain W indow  is the root w in d o w , or 
p a re n t  w in d o w , w h e re  the  p o ly p e p t id e  chain is d isp layed . The tw o 
fo llow ing  w in d o w s  d isp lay , respectively , a tom ic  deta ils  a n d  p r im a ry  
s truc tu re  d iag ram  pictures, of the protein  u n d e r  investigation. I refer to 
these  p r im a ry  s tru c tu re  d isp lays  as d iag ram m atic  views. These two 
w in d o w s ,  the  Atom ic  Detail  Window  and  the D iagram m at ic  W indow ,  
are called children w indow s of the root w indow . Access from the parent 
w in d o w  to one of the children w indow s is related to the state of the root 
w indow . For instance, in obta in ing  a d iag ram m atic  view of a p ro te in  
from  its p o ly p e p t id e  chain, the view  d isp layed  on the D i a g r a m m a t i c  
Window  initially is the one represen ting  exactly the portion  of the chain 
d isp layed  on the paren t w indow  at the time of the transfer. As another 
exam ple, the atomic detail pic ture of a segm ent of the chain is d isp layed  
initially on the Atomic  Detail Window,with the sam e o rien ta tion  as the 
po ly p ep tid e  chain at the time of the transfer. This avoids d is ru p tin g  a 
user 's  train  of thought. In both paren t and the children w indow s, either 
the in ter-m ainchain  or the sidechain — m ainchain  hydrogen  bonds can
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P o l y p e p t i d e  C h a i n  W i n d o w
A t o m i c  D e t a i l  W i n d o w
s m  h b
i mc  hb
>idechain - 
n a i n c h a i n
i b o n d  
s m hb) l n t c r - M a i n  
cha i n  h b o n d  
p i c t u r e  
( imc hb)
C o l o u r  Ke y  W i n d o w  M e s s a g e  W i n d o w
D i a g r a m m a t i c  Wi n d (
i mc  hb
FIGURE 4 • 2 The PI ID W indow  Architecture
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be d isp layed  b u t  not both  at the same time. This is to avoid a cluttered 
app ea ran ce  and  the d isp lay  of too m uch detail, that m ight confuse the 
u s e r .
The M essage  W in d o w  is u sed  for e rro r  m essages,  p ro m p ts  and  
feedback from the system. The last w indow , the Colour Key Window,  is 
u sed  as a colour ed ito r  d isp lay  of the hyd ro g en  bonds. It d isp lays  the 
d ifferent colours allocated to the hyd rogen  bonds  in the p ic tu re  actually 
seen, e ither  on the pa ren t  or the children w indow s. It also allows the 
user to design interactively his ow n colour scheme for hydrogen  bonds.
All the w in d o w s  have  a title nam e  referr ing  to their respective  
w in d o w  nam e, except for the paren t w in d o w  w hich has, in addition, the 
n am e  of the p ro te in  u n d e r  study . An instance of the position  of the 
d ifferen t w in d o w s of the system  is il lus tra ted  in Figure 4 • 3, d u r in g  a 
session w ith  the therm olys in  p ro te in  ( coded  as 3TLN); the p ic tu re  is 
taken directly from the screen of the CGI workstation.
4 • 4 MENU DESIGN 
4*4*1 Menu-Based Interface
W hile  c o m m a n d -d r iv e n  la n g u a g e  sy s tem s re q u ire  in s tru c t io n s  
m em o riza tio n  from  the user which can vary  from one system  to the 
o the r  (as no universal set of instructions have the sam e m ean ing  to all 
people  [LANDA 83]), and that frequency of errors in com m ands  and  data 
entries m ay  d iscourage users from effective use of such system s, m enu  
sy stem s  on the o the r  hand ,  p ro v id e  a s im ple r  and  m ore  s t ru c tu re d  
approach  to the H um an  C om puter  Interface aspect. As Allen pointed
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R « - 3  | |




TYPE APPROPRIATE END_POINTS 
RES#1 ■ „8S R E S # 2  ■ -8 8
FIGURE 4 • 3 A n Instance  of the  Position of the D ifferen t W in d o w s  
D u rin g  a Session W ith  the Therm olysin  Protein  (3TLN)
Four w in d o w s are d isp layed . In the Polypeptide Chain Window,  the in ter-m ainchain  
hydrogen  b ond s in the three-dim ensional structure o f 3TLN are d isp layed . The Colour 
Key Window, ap pearin g  at the top right corner o f the p icture, d isp la y s the d ifferent 
colours allocated to the hydrogen b ond s actually seen  in the p o lyp ep tid e chain im age; 
this w in d ow  is also used as a colour editor where the user can design  his ow n  colour schem e 
for hydrogen  bonds. In the Message Window, located at the bottom  right corner, tw o  
num bers w ere entered by the user to get a closer v iew  of the protein in the region betw een  
am ino acid 35 and 38. On the bottom  left com er, the Atomic Detail Window  sh o w s the 
atom ic details o f the chosen segm ent with the hydrogen bonds involved .
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o u t  [ALLEN 82], m enus  inco rpo ra te  the desirab le  cognitive feature  of 
recognition, ra ther  than  recall, of the item or com m and needed. In this 
env ironm en t,  the user does not have to m em orize  inpu t options since a 
range  of options at a particu lar stage is listed. It also prevents  him  from 
choosing  invalid  options. D espite  the fact that  som e a rg u m e n ts  have 
been m a d e  tha t m enus  can reduce the execution speed of a system, and  
th a t  the re  is ev idence  tha t s low  execution m ay  be d irec tly  re la ted  to 
w o rk er  d issatisfaction [BARBE 83], m enus  have  been u sed  to p rov ide  a 
quicker and  m ore  p leasan t learning experience for novice com puter  users 
(as this is the case w ith  the end users of my product)  [I lODGS 85]. All of 
the a rgum ents  listed above m ade  me adopt the logical solution of a m enu  
d r iv en  in terface for m y system. M oreover, it also fulfills one of the 
objectives set by  Dr M ilne r-W hite  ( the end -user) ,  w h ich  is to gain  
im m ed ia te  use  and  p roduc tiv ity  on the system  for it to be successfu lly  
accepted by the biochem istry com munity.
4 * 4 - 2  Choice Devices
Generally, an in teractive graphics application p rogram  defines inpu t 
da ta  to the p ro g ra m  us ing  6 classes of logical i nput  devices: locator ,  
stroke,  valuator , choice, pick and s tring.  These logical devices  are 
frequently  generated by physical devices associated with graphics displays 
and  can be conveniently  echoed on these graphics d isplays [IIOI’GO 83]. 
The logical choice in p u t class is defined  as one that en ters  a selection 
from a set of alternatives. It is usually used as a basis of a m enu  selection 
tool [SALMO 87]. The actual realization  of the choice  dev ice  on a 
physical device can vary quite significantly, from a m enu hit by a lightpen 
to a nam e typed  at the keyboard. M enu selection using a m ouse  seems 
an adequa te  solution for our system since this ha rd w are  tool is a fast and
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accurate  po in ting  device, an d  furtherm ore , it is available on the CGI. In 
this en v iro n m en t,  the user m akes a selection by position ing  the cursor 
d isp layed  on  the screen at the m e n u  position, then clicking the m ouse  to 
confirm  his choice and  observ ing  the resu lting  effect.
4 * 4 * 3  Menu Architecture
C o m m u n ic a t io n  w ith  the  sy s tem  is th u s  a c c o m p lish e d  by  the 
selection of a co m m an d  from m enus  a ttached  to the p a ren t  an d  children 
w indow s. Each w in d o w  has a specific m en u  associated w ith  it. In order 
to a v o id  u se r  co n fu s io n ,  the  m e n u  a rc h i te c tu re  is d e s ig n e d  as a 
m u l t i lev e l  s t ru c tu re  h av in g  a m a x im u m  of th ree  levels  (or dep th).
H ence, a selection from a p a ren t  m e n u  m ig h t b r ing  u p  a child m e n u  at 
the second level, w hich  in tu rn  can b ring  u p  a last m enu . Travel from 
the pa ren t  to one of the child w indow s and  vice versa is possible th rough  
m e n u  selection.
4*4*4  Information Display and Feedback
The n u m b e r  of item s in a pa r t icu la r  m e n u  se ldom  exceeds eight. 
This avoids time delays in user selection and  is economical w ith  space on 
the screen. Item  selections are p resen ted  as character strings. Their 
te rm ino logy  an d  m ean ing  is sim ple and  is app ro p r ia te  for a biochemist's  
e n v i ro n m e n t .
Feedback  from  user  selection is a lw ays su p p lie d  by  the system  to 
avo id  user  frustration. W hen a choice is selected, th ree  events  occur : 
the pixels in the m enu  item box are inverted  from w hite  to black; a star
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(*) is p r in te d  nex t to the co rrespond ing  character string; an d  the iconic 
shape  of the cursor changes from an a rrow  icon to a cross icon. Once the 
o p e ra t io n  finishes, the cu rso r  regains  its o rig ina l a r ro w  iconic shape. 
This is to tell the u se r  tha t the sy stem  is p ro cess in g  the o p e ra t io n  
re q u e s te d  a n d  av o id s  h im  be ing  d isco n ce r ted .  All these  s u p p l ie d  
feedbacks are particu larly  im p o rtan t  as the user does not have  to w onder  
abou t w h a t  the system  is doing, or w he the r  the selection shou ld  be given 
again  in the case of a relatively h igh response  time. In the PH D  system, 
this m a x im u m  resp o n se  tim e is 5 to 6 seconds  an d  is caused  by  the 
t ransfe r  f rom  the p a re n t  to the Diagram m at ic  V iew  W in d o w  w h en  a 
d iag ram m atic  view  is d isp layed  for the first time. All the o ther  selections 
take a shorter time (in the o rder  of 1 to 3 seconds) to be perform ed.
Finally, all the m e n u s  are  a lw ays d isp la y ed  at the top  r igh t h an d  
corner of the screen. This constra in t is no t seen as a w eakness  of the 
sy stem  but,  on  the contrary , he lps  the user  to becom e u sed  to m ak ing  
each selection in a fixed location [HEARN 86]. Before s tarting a session, a 
u se r  has  the op tion  to change  all m e n u  positions  as w ell as w in d o w  
position  and  sizes, w ithou t recom piling  the w ho le  program .
Som e of the m ost com m on m e n u  co m m an d s  are  described  in the 
course  of this chap ter .  The close re la t io n sh ip  b e tw ee n  the d ifferen t 
p ic tu res  facilitated consistency in designing  m enu  entries in the different 
p ic tu res .  Several m e n u  co m m an d s  p e rfo rm e d  at the p a re n t  w in d o w  
level h av e  sim ilar effects (and  therefore  have  the sam e h ead e r  nam e), 
w h en  perfo rm ed  in the o ther  tw o child w indow s. W hile the actions of 
the  d i f f e r e n t  c o m m a n d s  in the  P o l y p e p t id e  Cha in  W i n d o w  are 
e x p la in e d  th o ro u g h ly ,  sim ilar ones found  in the o ther  p ic tu res  will be 
system atically  listed w ithou t too m uch  detail. As ano ther  convention, in 
o rd e r  to avo id  confus ing  the user  b e tw een  w in d o w s  an d  m e n u s ,  all 
m en u  com m ands  will be w ritten  in capital letters.
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4 • 5 POLYPEPTIDE CHAIN WINDOW  
4 *5*1  Path of the Polypeptide Chain
Pictures  tha t d isp lay  p o ly p e p t id e  chains by  d ra w in g  lines joining 
successive a lpha-carbon atom s and  d iscard ing  all o ther  atom s are w idely 
u s e d  (see C h a p te r  2). They are  often  called a lp h a-ca rb o n  p lo ts  an d  
som etim es  re fe rred  to as v ir tua l b o n d  plots. Such p ic tu res  are often 
d o m in a te d  by  sm all scale oscilla tions from  one  a to m  to the next an d  
this m akes  it h a rd  to follow the p a th  of a chain, especially  for a large 
p ro te in .
The course  of the chain m ay  be fu r th e r  clarified by  m eans  of an 
a v e ra g in g  p ro c e d u re  tha t w as  d e v e lo p e d  by  M ilne r-W hite  an d  Poet 
([MILNE 85] & [POET 86]). Such plots are especially useful for d isplaying 
features of the w hole  large pro te ins  w hile  a llow ing  a user  to see th rough  
the object d isp layed . The line segm ents  have  various  th icknesses and  
co lour coding, w h ich  help  rep resen t  featu res  of the p o ly p e p tid e  chain. 
Elowever, the orig inal p ic tures  of the project cou ld  no t be m a n ip u la ted  
in terac tive ly . This w as p a r t ly  d u e  to the im p le m e n ta t io n  of a time 
co n su m in g  p ro ced u re  d raw in g  'tram lines ' a ro u n d  line segm ents , w hich 
gives a three-d im ensional dep th  effect to the w hole  picture. Henceforth, 
som e o the r  im p lem en ta t io n  techn iques  have  to be dev ised  in o rd e r  to 
ach ieve  in te rac t ive  m a n ip u la t io n  of p ic tu res  w hile  no t lo s ing  d e p th  
pe rcep tion .  The technicalities  of these techn iques  a re  exp la in ed  in 
C hap te r  5.
In m y softw are package, the sm oothing  p rocedure  m ay  be carried out 
by u s ing  any  o d d  n u m b e r  of a lpha-carbon  a tom s for averag ing . It 
rep laces  the exact a tom ic  coo rd ina tes  of the a lp h a -ca rb o n s  wi t h  the
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average  over  several n e ig h b o u rin g  ones. For exam ple , an  averag ing  
factor of seven m eans  that w e sum  each of the coord ina tes  of the atom s 
in question  together w ith  three atom s on each side a n d  d iv ide  by seven. 
Tw o special cases are at the N -te rm ina l an d  C -te rm inal reg ions of the 
cha in  w h ere ,  respective ly ,  the th ree  an te r io r  a n d  the th ree  successor 
alpha-carbons do  not exist. In these cases, the average is taken over the 
a lp h a -c a rb o n  in q u es t io n  a n d  the  six fo l lo w in g  or p re c e d in g  ones 
d e p e n d in g  on  w h e th e r  the location  of the a lp h a  ca rbon  is at the N- 
term inal or C -term inal region of the chain.
M ilne r-W hite  an d  Poet fo u n d  th a t  an  av e ra g in g  factor of seven  
p ro d u ces  especially  sm oo th  lines because  of the fact tha t a lpha-helices 
hav e  a b o u t 3.6 am ino-ac ids  p e r  tu rn  [PAULI 51], so tha t seven  am ino 
acids w in d  ro u n d  the helix alm ost exactly twice. Plots w ith  values of N 
(w here  N  is the averag ing  factor) of seven, or even  fifteen, have  been 
found  to be useful especially for very large pro te ins because the details of 
alpha-helices, as well as several o ther features, are sm o o th ed  out. They 
avo id  the v isual confusion  d u e  to sharp  bends  an d  z ig-zags so that the 
overall course of the chain m ay  be follow ed unam biguous ly .  They also 
h e lp  to d is p la y  d o m a in s  a n d  s u b u n i t  s t ru c tu re  of la rge  p ro te in s .  
H o w e v e r ,  in the m ajority  of instances, an av e rag in g  factor of five is 
be tte r ,  s ince oscilla tions rem a in  tha t are usefu l for in d ica tin g  a lpha- 
helices.
This ave rag in g  curve, w h ich  is a s im p le  a lg o ri th m  co m p a re d  to 
o thers  such as the cubic-spline approx im ations, a lw ays stays close to the 
original curve. Some errors  occur w hen  a bend  is found  and  the curve 
will alw ays appear  on the inside of the bend  causing  sharp  corners to be 
cut slightly  [POET 86]. F lowever, the exact shape  of these tu rns  can be 
v isua lized  by d isp lay ing  their atomic detail features in the Atomic  Detail  
Window,  as explained  in the app rop ria te  section (see section 4 • 6).
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The system  allow s the u se r  to w o rk  w ith  any  av e rag in g  factor. 
Selection of an  av e ra g in g  factor is ca rr ied  o u t  by  first selec ting  the 
A V ERA G  FACT e n t ry  f rom  the P o ly p e p t id e  C h a in  m e n u .  The 
A v e rag e_ F ac t  s u b m e n u  a p p e a rs  on  top  of the  m a in  m e n u .  Six 
p r e d e f in e d  o p t io n s  are  ava i lab le  f rom  this s u b m e n u ;  the first five 
co rrespond  to the m ost effective averag ing  factors. The options are: 1, 3, 
5, 7, 15 and  OTHER. N ote  that the value of 1 d isp lays the chain w ithou t 
the averag ing  technique, an d  thus show s the crude  alpha-carbon  plot. It 
is u se fu l  w h e n  a re se a rc h e r  looks for sh o r t  tu rn  in te r -m a in c h a in  
h y d ro g e n  b o n d  p a t te rn s  of less th an  th ree  am in o  acids apar t ;  these 
p a t te rn s  are som etim es h id d e n  by the chain  w h en  N  > 3. The OTHER 
op tion  is u sed  in case the user chooses his ow n  factor. In this case, the 
Message Window  appears  and  echoes for the n u m b er  to be entered.
Since the averag ing  m e th o d  w orks  only w ith  o d d  factors, en try  of 
even  n u m b e rs  is au tom atica lly  in c re m en ted  by  one. If the factor N  
h a p p e n s  to be o u t  of range  (i.e. N  < 1 or N  > m, m  being  the n u m b e r  of 
a lpha-carbons in the chain), a correction is m a d e  by choosing the closest 
o d d  n u m b e r  to either one of the chain extremities.
4 * 5 * 2  H ydrogen  Bond Patterns
To describe the overall s truc tu re  of a p ro te in  or dom ain , it is usual to 
give the n u m b e r  of alpha-helices and  beta-sheets it contains. H ow ever, 
in p ro te in s  tha t h av e  been  s tu d ie d  by  X-ray c ry s ta l lo g rap h y  at high 
re so lu t io n ,  far m o re  in fo rm a tio n  can be ex tra c te d  a t this level of 
s tru c tu re .  Firstly, the re  are o ften  d ifferences  in h y d ro g e n  b o n d in g  
b e tw een  helices or s trands ,  especially  at the ends. Secondly, several 
com m on non-secondary  s truc tu re  features have been identified, that may
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be collectively called loop motifs, on the basis of their p a t te rn s  of inter- 
m ainchain  hydrogen  bonds ( [MILNE 87a] & [MILNE 87b] ).
A su b s ta n t ia l  p ro p o r t io n  of h y d ro g e n  b o n d e d  in te rac t io n s  are 
p ro v id e d  by s ide  chain  a tom s. These p ro v id e  im p o r ta n t  s tab iliz ing  
in te rac t io n s  at the  p ro te in  su rface  a n d  so m etim e s  in the m o lecu la r  
interior, as m en tioned  by Baker an d  H u b b a rd  [BAKER 84]. It w as noticed 
tha t m ore  m ain  chain CO g roups  than N H  g ro u p s  of the m ain  chain are 
h y d ro g e n  b o n d e d  to side chain atom s, an d  tha t local in teraction  (R < 4) 
invo lv ing  such  bonds  is very  frequent. Also m a n y  of the s idechain  — 
N H  h y drogen  bonds  are found  to be at the N -term ini of alpha-helices.
A decision has been  m a d e  to d isp lay  separa te ly  the tw o different 
types of h y d ro g en  b onds  ( in ter-m ainchain  an d  s idecha in  — m ainchain) 
in all the pictures. This avoids a cluttered d isp lay  w ith  excessive am oun t 
of in fo rm ation  w h ich  m ay  lead to confusion, an d  thus  v iolate  som e of 
the criteria fixed at the start of the project.
H ence ,  d e p e n d in g  on  the ca teg o ry  of h y d ro g e n  b o n d s  to be 
visualized  w ith  the po lypep tide  chain, two options are possible: either the 
in te r -m a in ch a in  b o n d s  are  d isp la y ed  (choosing  the  M A IN C H A IN  HB 
o p t i o n ) ,  o r  th o s e  i n v o l v in g  s id e c h a in  — m a in c h a i n  b o n d s  
(SIDECEIAIN HB option).
All the hyd rogen  bonds  are sorted  and  plo tted  in d ep th  order, along 
w ith  the chain line segm ents, to give an im pression  of depth . They are, 
h o w ev e r ,  offset in the z -d ire c t io n  by a sm all a m o u n t  (4 A), to avoid  
clu tter w hen  disp lay ing , for instance, a lpha-helices w hich  contain  m any 
h y d ro g en  bonds  and  chain line segments. The h y d rogen  bonds  are also 
colour coded, but the colours indicate the type of bonds  ra ther than depth. 
N o  tram lines are used  for such hyd rogen  bonds  as they m igh t h ide some
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p ar t  of the chain.
4 • 5 • 2 • 1 In te r-M aincha in  H y drogen  Bonds
If th e  i n t e r - m a i n c h a i n  h y d r o g e n  b o n d s  a r e  d i s p l a y e d  
(M A IN C H A IN  HB option), a varie ty  of colours is u sed  for these bonds  
d e p e n d in g  on  R, the d iffe rence  b e tw e e n  the a m in o  acid  seq u en ce  
n u m b ers  of the N H  and  CO groups  involved. These h y d rogen  bonds are 
p o r tra y e d  as lines jo in ing  the re levan t 'sm oo thed ' (us ing  the averag ing  
technique) a lpha-carbon  atoms. H ere, the colours rep resen t the distance 
apa rt  in sequence of two am ino acids joined by a bond. Also, w henever 
there is a pair  of hyd rogen  bonds be tw een  both  sets of CO  an d  N H  groups 
of tw o  am ino-acids  ( a feature fo u n d  usually  in an tipara lle l beta  sheets), 
an  extra thick line is draw n. The colour allocated to such  lines is that of 
the bond  w ith  the negative value of R. The legend for the colour coding 
of h y d ro g e n  b o n d s  an d  the reallocation  of their co lours  by  the user is 
exp la ined  in section 4 • 9, describ ing the Colour Key Window.
In the po ly p ep tid e  chain pictures, different chain s truc tu res  p roduce  
d is tinctive h y d rogen  b ond  patterns. A lpha-helices are easy to recognize 
as they ap p ea r  as w avy  lines, m ing led  w ith  ro u g h ly  paralle l h y d rogen  
b o n d s  tha t ind icate  special features of each helix. Parallel beta-sheets  
show  u p  as a characterized zig-zag pattern  of bonds betw een parallel parts  
of the chain, w hereas  antipara lle l beta-sheets  p ro d u c e  a la d d e r  pa tte rn , 
w ith  thick b onds  fo rm ing  the rungs  of the ladder. W hile bo th  alpha- 
helices and  beta-sheets are characterized by regular, repetitive patte rns  of 
h y d ro g en  bond ing , som e nonrepetit ive  e lem ents  of s truc tu re ,  k n o w n  as 
turns, can also be displayed. They are easily visualized by the colour and 
p a t te rn  of the bonds. The N -term inal and  C -term inal am ino  acids are
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easily p icked  o u t  by co loured  sym bols in the po lypep tide  chain pictures. 
Their  co lour code is also d isp layed  in the Colour Key Window  (sec tion  
4 -9 ) .
F igure  4 • 6 illustrates  the in ter-m ainchain  h y d ro g en  bonds  involved 
in 3TLN. The original p ro te in  coordinates are from  X-ray crystallography 
w o rk  by  H olm es  and  M atthew s [HOLME 82]. The fold ing of the protein  
can be  seen easily  from  the p o ly p e p tid e  chain, w h ich  is d ra w n  as thick 
w h ite  or g ray  lines jo in ing  successive sm o o th ed  a lpha-carbons. Inter- 
m a in c h a in  h y d ro g e n  b o n d s  are  d r a w n  as co lo u red  lines jo in ing  the 
po s it io n s  of a p p ro p r ia te  m a in  chain  atom s. A lpha-helices  ap p ea r  as 
w av y  lines, w ith  red  hy d ro g en  bonds; h y d rogen  bonds  in antiparallel beta 
sheets are  p o rtrayed  as thick yellow lines; bonds  in parallel beta-sheets are 
co loured  dull yellow  and  can be recognized as a zig-zag pa tte rn  of bonds 
be tw een  paralle l parts  of the chain; the arrow s d ra w n  show  the direction 
the chain  takes, an d  can be d isp layed  in teractively  u p o n  reques t by  the 
user  (see section 4 • 5 • 3 ); the d ifferent sorts of loops can also be identified 
by  the colours of the bonds. In the key d isp layed  at the top right h and  
corner (choosing the LEGEND en try  from  the Po lypep tide_C hain  m enu), 
the in teger R (as p rev iously  defined) rep resen ts  the d is tance as: the CO 
g ro u p  of res idue  i b inds to the N H  g roup  of res idue i + R.
In F igu re  4 • 10, the in te r-m aincha in  h y d ro g e n  b o n d s  invo lved  in 
the actin id in  p ro te in  (coded as 2ACT and  w here  its X-ray crystallography 
w as carried  ou t by K am phuis  et al. [KAMPIT 84]) are pictured. The lower 
d om ain ,  w h ich  is alpha-helical, is d is tinguished  by the red  bonds, and  the 
top dom ain , being m ain ly  beta-sheet, has yellow bonds.
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4 • 5 • 2 • 2 Sidechain -  Mainchain Hydrogen Bonds
For the  d is p la y  of s id e c h a in  — m a in c h a in  h y d ro g e n  b o n d s  
(SIDECHAIN HB option), each hydrogen  bond  is categorized according to 
its type , w h ich  is e i ther  a s idecha in  — m aincha in  b o n d  or an inter- 
sidechain  bond.
The po lypep tide  chain is rep resen ted  as previously , and  side chains 
invo lved  in b o n d in g  are rep resen ted  by  tags w hich  project from  them. 
These tags are d ra w n  w ith  the sam e thickness and  shade  as those of the 
chain  a t tha t position . Their d irec tion  is co m p u ted  by  bisecting the 
o b tu se  angle  fo rm ed  by  the sm oo thed  a lpha-carbon  coordina tes  of the 
am ino  acid in question and  those of its two neighbours. They are all the 
sam e length  (1 A) bu t m ay  appear  foreshortened or obscured.
S idechain  — m ainchain  in teraction  bo n d s  are g iven tw o different 
colours d ep en d in g  on the interaction of the side chain w ith  either the CO 
or N H  g ro u p  of the m a in  chain. They are  p o r t ra y e d  as th in  lines 
b e tw e e n  o n e  tag  a n d  one 'sm oo thed ' (ave raged  position  u s ing  the 
averag ing  m ethod) alpha carbon. H ydrogen  bonds, w here  the sidechain 
b o n d s  to a m ain  chain  g ro u p  a tom s (either N H  or CO) of the sam e 
res idue, are rep resen ted  as thick oblique flag-like features using  the same 
colour coding as for the other bonds.
For the in ter-sidechain  interactions, just one colour is a llocated to 
the hy d ro g en  bonds  and  they are portrayed  as thin lines betw een the ends 
of the ap p ro p r ia te  tags. D isu lph ide  bonds are inc luded  as if they w ere 
in te r-s idecha in  bonds. They are po rtrayed  as thick lines be tw een  the 
en d s  of tags (cysteine side chains). They are also allocated a separa te  
colour.
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Figure  4 • 16 illustrates the s idechain  — m ainchain  h y d rogen  bonds 
invo lved  in the d ihydro fo la te  p ro te in  (3DFR). Side chains involved in 
b o n d in g  are represen ted  by w hite  tags w hich project from the polypeptide  
chain. H y d ro g en  bonds are portrayed  as lines, either betw een ends of tags 
(for in te r-sidechain  bonds , blue), or be tw een  one tag and  one sm oothed  
a lp h a-ca rb o n  (for s idecha in  — m aincha in  bonds, red  or pink). O n the 
r ig h t  of the  p ic tu re ,  one  can see a thick p ink  ob lique  flag-like feature 
rep re se n t in g  a h y d ro g en  b o n d  be tw een  a side chain  and  a m ain  chain 
carbon a tom  of the sam e residue.
4*5*3  Direction of the Polypeptide Chain
In o rd e r  to d e te rm in e  the  d irec tio n  of the  p o ly p e p t id e  chain  
an y w h ere  on  the curve, the com m and  ARROW has to be selected in the 
P o ly p e p t id e _ C h a in  m enu . H av in g  chosen  this op tion , the user can 
p o in t  to a specific region on the chain he w an ts  an a rrow  to be draw n. 
This in teractive  com m and  allows the user to detect the direction of the 
cha in  a n y w h e re  a long  its pa th .  This is, for exam ple ,  h e lp fu l  for 
de tec t in g  N -te rm in i  in alpha-helices, or for observ ing  if tw o s trands  of 
be ta  sheets  are  para lle l or antipara lle l.  F igure  4 • 15 il lu s tra tes  the 
effectiveness of such arrow s for the d ihydrofo late  reductase  protein. It is 
easy  to see from  the o rien ta tion  of the (orange) a rrow s that s trands  of 
be ta-sheets  on the left of the im age are antiparalle l, w hile  those on the 
r igh t are parallel.
4 * 5 * 4  Piecewise Decomposition
Segm ents of the po lypep tide  chain such as dom ains  can be selected
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for d isp la y  e i ther  by  in p u t t in g  their end  segm en t am ino  acid num ber  
(echoed  at the Message Window)  or by po in t ing  at them  d irectly  and  
clicking the  m ouse. N o te  tha t the am ino  acid n u m b e rs  are the ones 
p ro v id ed  by  the Brookhaven PBD. The com m and  CH OO SE SEGMENT 
from  the Po lypep tide_C hain  m e n u  perform s this task. A m ax im um  of 
fo u r  s e g m e n ts  is a l lo w ed , d u e  m a in ly  to the d ia g ra m m a tic  v iew s 
d esc r ibed  later; in these la ter p ic tu res , the d isp lay  of m ore  than four 
segm ents  can clutter the display on the screen. If m ore are selected, only 
the  firs t fou r  are considered . These p ic tu res  are d isp layed  w ith  all 
a p p ro p r ia te  h y d ro g en  bonds  involved in the segm ents (e.g. by rem oving 
any  h y d ro g en  b o n d  tha t does no t connect tw o am ino acids belonging  to 
one  of the segments).
F igure  4 • 15 show s tw o fragm ents  of the d ihyd ro fo la te  reductase  
p ro te in  (3DFR) d isp layed  w ith  in ter-m ainchain  hyd rogen  bonds. In the 
key d isp layed  at the top righ t h and  corner (choosing the LEGEND entry 
f ro m  the  P o ly p e p t id e _ C h a in  m e n u ) ,  the co lour cod ing  for all the 
h y d ro g e n  b onds  invo lved  is given. The LEGEND option also displays a 
line on  the b o tto m  left corner rep resen t in g  a one  n an o m e te r  (= 10 A) 
scale reference. In Figure 4 • 16, the two fragm ents are d isp layed  with the 
s idecha in  h y d rogen  bonds  involvem ent.
4 - 5 - 5  Manipulation 
4 • 5 • 5 • 1 Rotation
The pro te in  can be ro ta ted  th rough  its center of m ass in any one of 
the  three axes by selecting the ROTATE com m and  from the root menu. 
Then, au tom atica lly ,  the R o ta te_subm enu  appears , to allow the user to 
select the d irec tion  of rotation. The last en try  in this su b m en u ,  the
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A N G L E  o p tio n ,  a llow s ro ta t io n  in c rem en ts  to be a l te red . These 
increm ents are 3, 5, 7, 10, 25, 45, 90 and  180e.
4 • 5 • 5 • 2 Scaling
Scaling the P o ly p ep t id e  chain, e ither u p  or dow n , is possible  by 
choosing  the SCALE UP or SCALE D O W N  entry, respectively, from the 
Po lypep tide_C hain  m enu. A fixed scaling coefficient is applied  to either 
en large or reduce  the im age by one third  of its size. A m ore flexible tool 
to en ter  scaling factors w o u ld  be to sim ulate a scaling ruler icon. As the 
u se r  d rag s  the cursor on a 'slider', a scaling n u m b e r  is d isp layed  and  
scaling will be perfo rm ed  interactively.
4 * 5 * 6  Saving a View
After choosing the SAVE op tion  from  the root m enu , the M essage  
W i n d o w  a p p e a rs  on  the b o tto m  r ig h t  co rner of the screen  (unless 
p rev io u s ly  pos it ioned  differen tly  by the user), p ro m p tin g  the user to 
choose a n ew  filename. This can be an a lphanum eric  str ing  u p  to 10 
charac ters  long  an d  can be of the form  "3WGA". Some flexibility is 
a l lo w e d  in  the  n u m b e r  of ch a ra c te rs  e n te re d ,  b u t  the  u se r  is 
r e c o m m e n d e d  to em p lo y  the conven tions  of the B rookhaven PDB by 
using  a four letter code. A long title (being the title d isplayed as a header 
in the Polypept ide Chain Window)  to be stored  w ith  the da ta  is then 
p ro m p ted  for. This can be up  to 80 characters long and can be of the form 
"w heat germ  agglutinin". Control is then re tu rn ed  to the m ain  m enu. 
This is particularly  helpful for a user w ishing to save the last view  of the 
po lypep tide  chain for another session.
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4 - 5 - 7  Three-Dimensional Perception
In o rd e r  to v isualize the three-d im ensional folding of the chain, an 
im p o r tan t  question to solve is how  to indicate d ep th  in these polypep tide  
chains. Various m ethods  are applied  in these pic tures in o rder to obtain 
good  three-d im ensional perception  of the d isp layed  model.
4 • 5 • 7 • 1 Depth Sorting
D epth  sorting is applied  to all line segm ents  of the chain as well as 
the hyd ro g en  bon d  lines. All lines are d raw n  in dep th  o rder  according to 
their  z-coord ina tes  (w ith  a small offset of 4 A ad d e d  for the hyd rogen  
b o n d  lines) w ith  the farthest being d raw n  first. Also, the fact that thick 
c ircu la r  b ru sh e s  are  u sed  to d ra w  these  line seg m en ts  (see section 
4 • 5 • 7 • 4), implies that each line segm ent has a surface associated with it. 
C onsequen tly ,  dep th  sorting on its ow n  is not sufficient to guaran tee  the 
correct d ra w in g  o rd e r  to achieve h id d e n  surface rem oval. If 'd ep th  
o v e r la p s '  occur (see [NEWEL 721), som e a d d i t io n a l  co m p ar iso n s  are 
n e e d e d  to de te rm ine  w he the r  any of the surfaces shou ld  be reordered . 
H o w ev er ,  this test has no t been perfo rm ed  in the p resen t system , but 
should  be considered to get a m ore accurate representation.
4 • 5 • 7 • 2 Intensity Depth Cueing
A range  of e ight shades  of the sam e colour are  used  to rep resen t 
in tensity  d ep th  cueing, bu t only for the line segm ents  (po lypep tide  chain 
and  tags). This range is by no means a m axim um  limit, bu t it appears  to 
s h o w  suffic ien tly  the  d e p th  cue ing  effect on the chain. The line
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seg m en ts  n ea r  the v iew er ap p e a r  b r igh te r  than  those  far aw ay. In 
F igure 4 • 6, the folding of 3TLN can be easily seen as the colour intensity 
of the chain varies from w hite  to various shades of grey.
4 • 5 • 7 • 3 Tramlines
Som etim es a s light p rob lem  arises w henever  line segm ents  are very 
close to on e  a n o th e r  in d ep th .  D ep th  cue ing  a n d  d e p th  so rting  
techn iques  alone are insufficient to ind icate  dep th ,  especially  in a still 
p ic ture , since these line segm ents  have the sam e colour intensity. This 
w eakness  is corrected by  add ing  another level of d ep th  perception, which 
w e  ca lled  the  ' t ram lin e ' te ch n iq u e ,  c losely  re la te d  to the  ha lo ing  
technique [FOLEY 82]. It is applied  to all line segm ents by su rround ing  
the  edges  of the ir  surface w ith  a th in  line, d ra w n  in the b ack g ro u n d  
co lour.  C o n seq u en t ly ,  the re la tive  d e p th  of tw o  line seg m en ts  is 
ind icated  by  a bridge effect w hen  they cross. N ote  that this p rocedure  is 
s o m e w h a t  d i f f e r e n t  f ro m  th e  h id d e n  l in e  r e m o v a l  te c h n iq u e  
[NEWMA 79] w hich concentrates exclusively on objects defined as a set of 
lines rep resen t in g  the edges of the surfaces of the object; w hile  in our 
case, objects are defined just as a thick and  un ique line.
As the  tram lines  m igh t take tw o to th ree  seconds to be d raw n ,  
d e p e n d in g  on the size of the protein un d er  study , the user has the option 
(by clicking on the TRAMLINE or TRAMLINE OUT m en u  entry) to see 
or no t the tram lines d isplayed. C om m only, tram lines are d ra w n  in still 
p ictures, a llow ing the reader to get a good dep th  perception of the model.
If the  m o d e l is be ing  m a n ip u la ted ,  then  a lm ost real tim e ro ta t ion  
th rough  the center of mass can be obtained w ithout tramlines. It is often 
eas ie r  to m a n ip u la te  the m odel quick ly  w ith o u t  tram lines ,  un ti l  the
81
P ro te in  V isualization  an d  U ser M anipu la tion
desired  orien ta tion  of the chain is found. Then, tramlines can be restored 
in a still picture. Such pictures are best for publication purposes.
4 • 5 • 7 • 4 Circular Brushes
Finally , v a r io u s  b ru sh  sh ap es  for d ra w in g  are  im p le m e n te d  to 
ind ica te  the rela tive d ep th  of tw o consecutive line segm ents. Circular 
b rushes  are used  to d ra w  the line segm ents in all pictures. This gives rise 
to the  a p p e a ra n c e  of a line seg m en t  b e ing  in f ro n t  or b eh in d  its 
n e ig h b o u r in g  one. The exam ple  in F igure  4 • 4 d e m o n s tra te s  this 
technique; in Figure 4 • 4 • a, line segm ent B is in front of line segm ent A, 
w h ile  in F igure  4 • 4 • b, it is the o ther  w ay  around . This m e th o d  of 
d isp lay  is effective, especially in d isp lay ing  im ages of atomic details (see 
section 4 • 6).
N o te  tha t in the initial stages of the project, circular b rushes  have 
been  im p lem en ted  to ease tram line representation . But, as suggested  in 
the last p a rag raph ,  they hap p en  to be, by themselves, an  enhancem ent to 
th ree -d im ensiona l perception.
(  A C )
a)
C a ) B )
b)
FIGURE 4 • 4 Relative Depth of 2 Consecutive Segments A and  B
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4 * 5 * 8  Background Colour
W h en ev er  the  p o ly p e p tid e  chain is m an ip u la ted ,  or any  alteration 
in the im age is reques ted  by  the user, the content of the w in d o w  is first 
cleared  o u t  w ith  a b a c k g ro u n d  colour before the im age is red isp layed . 
This colour creates the background  of the scene. It is set to black initially, 
b u t  can be redefined  by choosing successively, the BACKGROUND COL 
e n t ry  f rom  the  P o ly p ep t id e_ C h a in  m e n u  an d  then  the  des ired  new  
b ack g ro u n d  colour from  a sub m en u  having  eight different colour entries. 
This co m m an d  shou ld  be used  w ith  care, as a visual p henom enon  called 
's im u l tan eo u s  colour con trast and  colour m ix tu re  by averag ing ',  m ay 
occur [AGOST 79]. If, for example, a green hydrogen  bond  line is d raw n  
in tw o different backgrounds, one dull red  and  the o ther neutra l gray, the 
line will no t be perce ived  to be the sam e shade  of green. Furtherm ore , 
an  in teres ting  rem ark  by O rp h ir  an d  al. [OPHIR 69] suggests  that dark  
objects on  a b righ t background  p rov ide  a m ore  restful and  less fatiguing 
d isp lay .  H o w e v e r ,  in  the C G I w o rk s ta t io n  m a d e  availab le  to the 
research , v ideo  noise appea rs  on the screen in the fo rm  of faint grey 
vertical lines, spaced  every  8 pixels or so. There are visible on a light 
colour, b u t  no t black, background  (see [ARTWI 84] for m ore  inform ation 
ab o u t register load noise). Figure 4 • 5 • a show s such noise effect on the 
screen as the p o lypep tide  chain p ic tu re  of 3DFR is d isp layed  on a light 
g reen  back g ro u n d . In F igure 4 • 5 • b, the sam e p o ly p e p tid e  chain is 
d r a w n  w ith  a b lack  b ack g ro u n d .  Thus, as a genera l ru le , all the 
illustrative pictures in this thesis have a black background.
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FIGURE 4 • 5 C om parison  of Tw o Different B ackground C olours in the 
D isp lay  of the Three-D im ensional S tructure  of D ihydrofo la te  Reductase  
(3DFR)
V ideo n o ise  appears on the screen in the form of faint grey vertical lines, spaced every 8 
pixels or so. There are visible on the light green background in Figure 4 • 5 • a, but not on 
the black b ack grou nd  of Figure 4 • 5 • b, w here both p ictu res d isp la y  the sam e  
d ih yd rofo la te  reductase protein. N otice, how ever, that the course of the chain is easier  
to fo llow  w ith  the light green background; this light colour p rovides a m ore restful and 
less fatiguing display (a remark m ade by Orphir and al. [OPHIR 691).
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4 - 5 * 9  Labelling
O n choosing the LABEL option  from the P o lypep tide_C hain  m enu, 
labels of res idues  w ith  either a three letter identifier (see append ix  1 for 
the  iden tif ie r  code) or the re s id u e  n u m b e r  given to them  in the PDB 
p ro te in  file, can be displayed. Consequently , the label sub m en u  appears  
on  the  screen  co n ta in in g  tw o  entries: LETTER an d  NUMBER. O n 
choosing  one  of these tw o  entries, a second-level su b m en u  is d isp layed  
w ith  p rede f ined  in terval entries to choose from. These are: ALL, 5, 10, 
20, 40, 50 an d  OTHERS. The ALL op tion  d isp lays  all the am ino acid 
labels. All the labels are depth-sorted  and depth-cued  along w ith  the line 
segm ents  fo rm ing  the chain. They are d raw n  a little fu rther  ou t along 
the  x axis from  am ino  acid centers  to en su re  tha t the labels do  not 
overw rite  them. The intensity  dep th  cueing of these labels uses the same 
in tens ity  co lour as for the line segm ents. In Figure 4 . 15 an d  Figure 
4 . 16, labels  are  d ra w n  along  the  m a in  chain  of the  3DFR pro te in . 
T h e y  a re  d i s p la y e d  as r e s id u e  n u m b e rs  a n d  th re e - le t te r  codes ,  
respectively; spaced  every  10 am ino acids, these labels are d ep th  sorted  
and  d ep th  cued.
4 ■ 6 ATOMIC DETAIL WINDOW
To s tudy  details, a close-up look facility is in troduced  in the system. 
This facility, seen as a zoom ing  in of the p o ly p e p t id e  chain im ages, 
reveals all the constitu ting atom s of a particu lar segment. In this way, 
no t only can turns be visualized, bu t every portion of the chain in its very 
de ta il  (exact position  of all the m ain  and  s ide  chain  a tom s an d  all 
h y d ro g en  bo n d s  involved). The Atomic  Detail Window  is invoked  for 
this purpose .
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F urthe rm ore ,  as noticed in the po lypep tide  chain pictures using the 
averag ing  m ethod , som e errors occur in turns, because the curve appears  
on  the  in s ide  of the bend. The Atom ic  Detail  W indow  is especially  
useful for the closer s tudy  of such regions, w ithou t loss of precision in the 
th ree-d im ensional position of atoms. These tu rn ing  regions are believed 
to p ro v id e  a decisive  in f luence  in d irec tin g  the fo ld ing  of p ro te ins  
( [LEWIS 71] & [ROSE 76] ).
U sing  the Atomic  Detail  Window,  any  portion  of the chain can be 
chosen. It can be  specified by either po in t in g /c l ick in g  w ith  the cursor 
a n d  the  m o u se  a t the tw o end-po in ts ,  or by  typ ing  the tw o num bers  
rep resen t in g  the a lpha  carbon num bers  of the two segm ents  end-points . 
The Message Window  is autom atically  opened  in the second case.
The A to m ic  Detai l  W indow  a p p e a rs  on the screen sh o w in g  the 
atom ic details  of the chosen segm ent w ith  the co rrespond ing  hyd rogen  
b o n d s  involved. It is initially rescaled to fit the w in d o w  display. This 
child w in d o w  is positioned at the bottom  left corner of the screen (unless 
repositioned  by the user), so that it does not obscure the po lypep tide  chain 
picture. This p rov ides  an effective w ay  to investigate, s im ultaneously , 
the sam e region in tw o different contexts. The background  w indow , here 
the Polypeptide Chain Window,  because of the absence of atom ic detail, 
p rov ides  an overall and  a better presenta tion of the essential structure. In 
F ig u re  4 • 3, a general v iew  of the d isp lay  screen is sh o w n  w h ere  the 
Ato m ic  Detail  W in dow  d isp lays  the atom ic detail of a p ar ticu la r  tu rn  
(from am ino acid 35 to 38) of the therm olysin protein.
In these representations, line segments are also used to d raw  atoms, 
ra th e r  than , as in m ore  conventional p ic tures, u s ing  ball and  stick or 
s p h e re  m o d e lin g .  This enab les  som e v is ion  th ro u g h  the m odel.  
M oreover, these line segm ents are d ep th  sorted to give a d ep th  effect to
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the  m o d e l as this fea tu re  is com plete ly  lacking in s im ple  stick m odel 
rep resen ta t io n .
The line segm en ts  are d ra w n  accord ing  to the fo llow ing rule: all 
connecting  b onds  are d raw n  as line segm ents  that run  from the atom  in 
ques tion  to a po in t half w ay  be tw een  the tw o atom s being joined. Thus 
each b ond  consists of two segments, one contributed  by each atom  being 
jo ined . The u se  of var ious  circular b ru sh  sizes to d ra w  these line 
segm ents  he lps  enhance  the th ree-d im ensional percep tion  of the image, 
as seen already  in Figure 4 • 4. The thickness of every d raw ing  line is set 
as:
- very  thin lines for hydrogen  bonds
- th ick  line segm en ts  for connec ting  a tom s in the 
b ackbone  chain  an d  less thick ones for the side 
chains.
N o te  tha t the connection be tw een  a side chain a tom  and  a m ain  
chain  (generally  an  a lpha-carbon, an d  occasionally  a n itrogen  a tom  in 
case of a p ro line  res idue) is p e rfo rm e d  accord ing  to the sam e rule. 
T ha t is, a thick line segm ent is d ra w n  half w ay  from  the m ain  chain 
a tom  to the side chain and  a less thick one from the side to the m ain  
a tom .
N o  special op tion  is available to d raw  tram lines as they are alw ays 
present. These tram lines do not take too m uch time to be d ra w n  and, 
c o n seq u en tly ,  a lm ost real tim e m a n ip u la t io n  is p e r fo rm e d  on these 
pictures. H ow ever, special care has to be taken to d raw  tram lines in the 
case of side chain — m ain chain atom  connection (see section 5 • 4 ■ 2 • 3
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for m ore  details on h o w  to d raw  tramlines in such situation).
H y d ro g e n  b o n d  lines are  d e p th  so r ted  w ith  respec t to the z- 
coordinates of the line m id-points. N o  offset is ad d e d  to these lines. All 
the o the r  line segm ents  (i.e. atoms) are d ep th  sorted  and  d ep th  cued by 
intensity . The process is de term ined  in alm ost the sam e w ay  as the one 
described  earlier for the po ly p ep tid e  chain. The only  difference is the 
w ay  d e p th  cueing is perfo rm ed  on these pictures. Four different colours, 
w ith  a ra n g e  of th ree  shades  each, are u sed  to d is t in g u ish  be tw een , 
respectively , carbon atom s on the m ain  chain, carbon atom s on the side 
chains,  oxygen  a tom s an d  n it rogen  atom s. The reason  for hav ing  
separa te  colours for the carbon atoms, depend ing  on w hether  they belong 
to the po lypep tide  chain or not, is that they are very com m on in proteins, 
as com pared  to n itrogen and  oxygen atoms. I felt that, to avoid excessive 
use  of colour w hile  no t losing inform ation, only carbon atom s shou ld  be 
differently  co loured (in add ition  to their thickness clue). This variation 
in th ickness, toge ther  w ith  the co louring  of all the a tom s, allow s the 
user  to differentiate, at a glance, w hich atom s belong to the po lypep tide  
chain .
The user  can either v iew  all atom s constitu ting  the portion  of the 
chain  (SIDE ATOMS entry), or the ones form ing the backbone of that 
p o r t io n  of the chain (MAIN ATOMS entry). The choice of these two 
op tio n s  is i l lu s tra ted  in F igure 4 • 8 and  Figure 4 • 9, w h e re  the atom ic 
deta ils  of a po rtion  of an alpha helix taken from the 3TLN pro te in  are 
show n. In F igure 4 • 8, all the atom s are d isp layed  toge ther  w ith  the 
h y d ro g e n  b o n d s  invo lved , w hile  in Figure 4 • 9, the s ide  chain  a tom s 
h ave  been rem oved  and  only the backbone atoms are d isplayed. These 
tw o p ic tures  also show  the labelling of residues, e ither as a three-letter 
code, or as an am ino acid num ber. The labelling com m ands are hand led  
the sam e w ay  as in the Polypeptide Chain Window.  The only difference
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is tha t,  in these  p ic tu res ,  all the res idues  are  labelled because  of the 
available screen space, and  the labels are positioned with a small shift on 
the r igh t from  the alpha-carbon atoms.
C hoo s in g  EXIT from  the Atom ic_D etail m e n u  re tu rn s  the user to 
the  P o lypep t ide_C ha in  m enu .
4 • 7 DIAGRAMMATIC WINDOW
A m ajor p ro b lem  in p red ic t ing  th ree -d im ensiona l s tru c tu re  from 
sequence  lies in d iscern ing  the rela tionship  be tw een  secondary  structure 
and  sequence. The diagram m atic  pictures p resen ted  in this section give a 
v isual aid for this purpose . In these com puter-genera ted  d iagram s, the 
m a in  chain  is rep re sen ted  by  horizon ta l row  boxes an d  the hy d ro g en  
b onds  by  coloured lines. For consistency, the sam e colouring schem e as 
in the p o ly p e p tid e  chain pic tures is used. As well as rep resen ting  the 
p o ly p e p tid e  chain, the series of boxes show  the sequence rep resen ted  as 
single letters w ith in  these boxes (using the s tandard  one-letter code given 
in  a p p e n d ix  1). The ad v an tag e  of this type of d isp lay  is tha t every  
h y d ro g e n  b o n d  is clearly seen, since it cannot be obscured , as h appens  
occasionally  in the po ly p ep tid e  chain pictures. Also, the re la tionsh ip  
be tw een  bon d  pa tte rn  and  sequence is evident.
4 - 7 - 1  Inter-Mainchain Hydrogen Bonds
W h e n  d is p la y in g  in te r -m a in c h a in  h y d ro g e n  b o n d s  on  these  
d iag ram s  (M A IN CH AIN  HB option), hydrogen  bonds  are rep resen ted  as 
p ipe-like  features joining app rop ria te  boxes. The letter for each am ino
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acid (this op tion  is described in section 4 - 7 - 6 )  is su rro u n d ed  by a small 
box. To ob ta in  the m a x im u m  d isp lay  in form ation  w ith o u t  excessive 
visual detail, the boxes are conceptually  d iv ided  into two parts. The left- 
h a n d  side  of the box corresponds to the N H  part  and  the r igh t-hand  side 
to the C O  part.
All h y d ro g en  b onds  are d ra w n  w ith  a th in  line at one side or the 
o ther  of the box to represent either N H  or CO groups involved, except for 
pa ired  bonds. W here  there is a pair of hydrogen  bonds betw een both sets 
of CO an d  N H , a thick line is d raw n  from the m idd le  of each appropria te  
box (ano ther  consistency w ith  the p aren t  w in d o w  display). Such thick 
p ipe-l ike  lines rep resen t hy d ro g en  b o n d s  invo lved  in antipara lle l beta- 
sheets.
A n o th e r  in fo rm ation  d isp lay  detail is a d d e d  to h y d ro g e n  bonds  
invo lved  in parallel beta  sheets. In add ition  to the a p p ro p r ia te  colour 
code allocated to them , a rec tangular  box is d ra w n  at the center of the 
b o n d s  fo rm ing  a pair  of s trand  w ith in  a parallel beta-sheet so that this 
fea tu re  can be read ily  identified. The rectangle length  and  heigh t are 
v a r iab le  an d  d ep e n d  on, respectively , the leng th  separa t ing  a pa ir  of 
s tran d s  an d  the n u m b er  of bonds involved  in it. The m ore  num erous  
the b onds  are, the fatter the rectangle. The larger the num b er  of am ino 
acids separating  the two strands, the longer the rectangle.
D ep th  sorting  is app lied  to all the hydrogen  bond  lines. They are 
d ra w n  in d ep th  o rder  according to their length (distance apart in sequence 
of tw o am ino  acids joined by a bond) with the longest being d raw n  first. 
N o te  tha t if dep th  sorting is perform ed the other w ay around , short p ip e ­
like features  can be o v erlapped  in the vertical d irection  by fatter ones 
w hich  w o u ld  m ake them  invisible. H orizonta l ove r lapp ing  is avo ided  
by  app ly ing  an algorithm  described in section 5 ■ 4 ■ 5 ■ 1. Tram lines are
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autom atically  d raw n  for every  single object.
F igure  4 • 7 il lu s tra tes  the d iag ram m atic  v iew s of in ter-m ainchain  
h y d ro g e n  b o n d s  in 3TLN. The horizon ta l row s of boxes (315 in total) 
rep resen t  the am ino  acid residues. In ter-m ainchain  hydrogen  bonds are 
rep resen ted  as co loured  pipe-like features be tw een  app ro p r ia te  residues. 
N o te  tha t a rectangular box is d raw n  at the center of the bonds forming a 
p a ir  of s tran d s  w ith in  a parallel beta-sheet so that such features can be 
read i ly  identified ; the three  rectangles ind icate  tha t this p ro te in  has 3 
p a ra l le l  b e ta -shee ts  (not seen  d is tinc tive ly  in the p o ly p e p t id e  chain 
p ic tu res  in Figure 4 • 6). As in the o ther pictures, red  bonds  are mainly 
alpha-helices (7 in total), the yellow ones beta-sheet, and  the other colours 
m ostly  rep resen t different sorts of loop motifs.
4 - 7 * 2  Side Chain -  Mainchain Hydrogen Bonds
For the d iagram s involving sidechain -  m ainchain  h y d rogen  bonds, 
slight transform ations are m ade in the w ay hydrogen  bonds are displayed. 
W hile the m ain  chain is still represen ted  as horizontal boxes, w ith  letters 
in boxes  rep re sen t in g  am ino  acids as in the p rev ious  d iag ram s, side 
chains involved  in bond ing  are represen ted  by vertical lines (tags) d raw n  
from  the m idd le  of each of the appropria te  boxes. The length of each tag 
app rox im ates  the length  of the corresponding  side chain; lengths of tags 
are given in A ppendix  2.
H y d ro g en  bonds are portrayed  as coloured lines, e ither betw een the 
ends of tags (for inter-sidechain bonds), or betw een one tag and  one main 
cha in  'box' (for s idecha in  — m a incha in  bonds). For s id ech a in  — 
m ainchain  hydrogen  bonds, the m ain  chain connector is d ra w n  from the
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m id d le  of the box since the two colour codes allocated to the N H  and CO 
g roups  are sufficient to d istinguish betw een these two groups.
H y d ro g en  bonds  betw een  side chain and  m ain  chain atom s from the 
sam e re s id u e  are p o r tray e d  as thick oblique flag-like features (note the 
consis tency  w ith  the p a ren t  w in d o w  displays). In add ition  to the two 
colour codes allocated to this type of h y d rogen  bond , a le ft-handed  flag 
indicates  an  N H  g roup  involvem ent, w hile  a r igh t-handed  flag indicates 
a CO group.
A p ar t  from  the flag-like line d raw ings, all the o ther hyd rogen  bonds 
are d ra w n  either as s traight or bent lines joining the appropria te  residues. 
In the case of inter-sidechain bond ing  involving two residues of the same 
type  b u t  d is ta n t  in sequence, a s tra igh t line is d ra w n  (since they have 
the sam e tag length). In all the rem ain ing  cases, ben t lines are draw n. 
W hen  a side chain is hydrogen  bonded  to m ore  than one other atom, the 
lines d ep a r t in g  from  the tag  are d ra w n  in a 's tacked' m a n n e r  to avoid  
superp o s it io n  of line draw ing . Tram lines are d ra w n  autom atically , and  
d e p th  so r t in g  is ap p l ie d  acco rd ing  to the sam e ru les  as the inter- 
m a in ch a in  bonds.
In Figure 4 • 18, the d iagram m atic  view of the sam e fragm ents  as in 
F ig u re  4 - 1 7  is d is p la y e d ,  b u t  w ith  s id e c h a in  h y d ro g e n  b o n d s  
involvem ent. Side chains involved in bond ing  are represen ted  by w hite  
vertical lines, their length  approxim ating  to the length  of the side chain. 
H y d ro g en  bonds  are portrayed  as coloured lines, either betw een the ends 
of tags (for inter-sidechain bonds, blue), or betw een one tag and  one main 
chain  'box' (for sidechain — m ainchain  bonds, red or pink). H y drogen  
bo n d s  be tw een  side chain and  main chain atom s from the sam e residue 
are po rtrayed  as thick oblique flag-like features (one is seen as a pink thick 
r ig h t -h a n d e d  flag at am ino  acid 48 in the u p p e r  region). N o te  the
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h y d ro g en  b o n d  connections betw een side chain 125 and  126 in the lower 
fragm ent; the b lue lines departing  from either tag are d raw n  in a 'stacked' 
m a n n e r  to avoid  superposition  of line draw ing.
4 * 7 * 3  Simultaneous Display of Two Protein Sequences
A u se r  can  co m p are  d ia g ra m m a tic  v iew s of the p ro te in  u n d e r  
in v e s t i g a t i o n  w i th  a n y  o th e r  p r o te in .  O n  c h o o s in g  the
"NEW _PROTEIN" e n try  from  the p a re n t  m en u , the Message  W indow  
ap p ea rs  an d  p ro m p ts  the user to en ter the new  pro te in  code. Initially, 
the D i a g r a m m a t i c  W i n d o w  screen  is d iv id e d  into, essen tia lly ,  tw o 
halves. The u p p e r  half is occupied by the d iagram m atic  view of the first 
p ro te in  (one horizontal row  of boxes representing  the w hole  protein), the 
low er half by  the second. The possibility of inverting the orientation of 
the h y d ro g en  bonds in the second d iagram m atic  view w as considered. It 
w o u ld  facilitate direct com parison of sequences versus hydrogen  bonding  
for tw o such rows, bu t w as discarded as being too cum bersom e if three or 
fo u r  seg m en ts  are co m p ared  s im u ltan e o u s ly  (e.g. for com parison  of 
several domains). The w ay  to display several segments for com parison is 
exp la ined  in the next section (section 4 - 7 - 4 ) .  F igure 4 - 1 1  show s the 
s im u l tan e o u s  d isp lay  of tw o  closely sim ilar p ro te ins  w ith  their inter- 
m a incha in  h y d rogen  bonds. Actinidin (coded as 2ACT and  w here  its X- 
ray  crysta llography w as perform ed by Baker & D odson [BAKER 80]) is at 
the top, and  papa in  (coded as 9PAP and w here  its X-ray crystallography 
w as carried ou t by K am phuis  et al. [KAMPH 84]) is in the lower diagram. 
They exhibit 50% identity  at the sequence level, bu t are m ore  rela ted  at 
the level of in te r-m ainchain  h y d ro g en  bonds. N o te  the red alpha 
helical b o n d s  an d  the yellow  beta sheet ones. N o te  also that the 
horizon ta l row s of boxes are coloured differently; the u p p e r  one is w hite
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and  the low er one is dull yellow.
4*7 * 4  Piecewise Decomposition
As in the po lypep tide  chain pictures, user specification of the display 
of p a r ts  of the  chain  (or chains for the  s im u ltan eo u s  d isp lay  of two 
pro te ins) is pe rfo rm ed  either by en tering  am ino  acid n u m b e r  of the end  
s e g m e n t s  ( p r o m p t e d / e c h o e d  a t  th e  M es s a g e  W i n d o w ) or by 
po in t in g /c l ick in g  at the appropria te  boxes. The corresponding  segments 
are  d isp la y ed  as a series of row s, each rep resen t in g  a segm ent. A 
m a x im u m  of four segm ents  is allowed. W ith this facility, it is possible, 
for exam ple, to align particu lar segm ents so that im portan t similarities in 
sequence, as well as bond ing  patterns, can be focused upon. Figure 4- 12 ,  
F ig u re  4 * 13 a n d  F igure  4 • 14 il lu s tra te  this fact by  d isp la y in g  two 
seg m en ts  for com parison , taken from  the s im u ltaneous  d isp lay  of the 
tw o  p ro te in s  in F igure  4 *11. In F igure  4 - 1 2 ,  the u p p e r  segm en t 
rep resen ts  the actinidin chain from am ino acid 47 to 89 (white horizontal 
ro w  of boxes), w hile the low er segm ent represents the papain  chain from 
the sam e am ino  acid sequence (dull yellow  horizon ta l row  of boxes). 
F igure  4 • 13 displays the sam e regions as in Figure 4 - 1 2 ,  bu t w ith  the 
s idecha in  h y d rogen  bonds  involvement. From these tw o pictures, it is 
ev id en t  tha t the two regions exhibit very high iden tity  at the sequence 
level a n d  are m ore  re la ted  at the level of in te r-m aincha in  h y d ro g en  
bonds. In Figure 4 • 14, the two segm ents are not taken from the same 
am ino  acid sequence (the actinidin region is taken from am ino acid 151 to 
198, w hereas ,  the p ap a in  region is from 144 to 191) bu t are still very 
re la ted  at the level of inter-mainchain hydrogen  bonding.
F ig u re  4 • 17 an d  F igure  4 • 18 show  the d ia g ra m m a tic  v iew s 
of, r e s p e c t iv e l y ,  th e  i n t e r - m a i n c h a in  a n d  th e  s i d e c h a i n  —
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m ainchain  h y d rogen  bonds  of tw o fragm ents taken from a single protein  
(3DFR).
4 - 7 * 5  M anipulation  
4 • 7 • 5 • 1 Translation
T h e  p o ly p e p t id e  cha in (s)  r e p r e s e n te d  as o n e  (or sev e ra l)  
horizontal(s)  row(s) of boxes can be transla ted  horizontally , either to the 
r igh t or the left in o rder  to align particu lar segments. The m anipulation  
is p e r fo rm e d  by  choos ing ,  re sp ec t iv e ly ,  from  the  ro o t  m e n u  the 
"TRANSLATE — >" o p tio n  or the "TRANSLATE <— " op tion . The 
choice of the transla tion  factor is a m ultip le  of the size of an am ino acid 
box, an d  is u n d e r  user control. O n choosing the TRANSL FACT from 
the root m enu , a subm enu  will appear in o rder  for the user to specify this 
factor. The different entries are : 1, 5, 10, 15 and  20. The factor is set 
initially to 5.
4 • 7 • 5 • 2 Scaling
As in the po lypep tide  chain pictures, the d iagram m atic  views can be 
scaled e ither up  or d o w n  by selecting, respectively, the SCALE UP or 
SCALE D O W N  op tion  from the p a ren t  m enu . H ere  also, on ly  one 
scaling factor is allowed, which enlarge or reduce the p ic ture by one third 
of its size. This op tion  is used frequen tly  in o rd e r  to zoom  in on  a 
s im ultaneous  d isplay of several segments and  s tudy  hom ology in greater 
detail.
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4 * 7 * 6  Labelling
The LABEL co m m an d , from  the roo t m enu , labels res idues  w ith  
e i th e r  the  s ta n d a rd  one-le tte r  code iden tif ier  (see ap p en d ix  1) or the 
re s id u e  nu m b er.  The letter code labelling op tion  disp lays  a character 
(code identifier) in every  am ino acid box. This facility enables a user to 
c o m p a re ,  for exam ple ,  the  re la t io n sh ip  b e tw e e n  b o n d  p a t te rn  and  
sequence  easily. The res idue  n u m b er  labelling op tion  disp lays  am ino 
acid n u m b e rs  above the m ain  chain boxes as m arkers  spaced , every  x 
am ino  acid boxes; x being  a p redefined  w id th  in terval chosen from 1, 5, 
10, 20, 40 or 50. The choice of the intervals is un d er  user control.
4 *8 M ESSAG E W IN D O W
The M essage  W in d o w  is the  area for d isp lay ing  e rro r  m essages, 
p ro m p ts  and  feedback messages. Initially, this w in d o w  is positioned  at 
the bo tto m  righ t corner of the screen, as seen in Figure 4 • 3, b u t  can be 
m a n ip u la te d  freely by the user, as the o ther  w indow s. This w in d o w  
comes (unstow  the w indow ) and  goes (stow the w indow ) automatically as 
needed . Inpu t from the user is echoed in this w indow  so that errors can 
be detected; backtracking is available to correct these errors.
4 * 9  C O LO U R KEY W IN D O W
In this w in d o w , a legend w ith  the colour key for every  h y d rogen  
b o n d  involved in, either the parent or the child w indow s, is displayed. It 
d isp la y s  e i th e r  the in te r -m a in ch a in  or the s id ech a in  — m a in ch a in  
h y d ro g e n  bon d  colour code, depend ing  on the type of p ic tu re  involved.
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U p o n  choos ing  the COLOUR_KEY en try ,  from  any  roo t m enu , this 
w in d o w  appears, usually  at the bottom  right corner of the screen.
4 * 9 * 1  Inter-Mainchain Hydrogen Bonds
For the  in ter-m ainchain  h y d ro g en  bonds , the colour key gives the 
co lour schem e u sed  to d is t ingu ish  d ifferen t types of h y d ro g en  bonds  
accord ing  to the relative sequence positions of the am ino acids, joined by 
N H  an d  CO  groups. The rule to determ ine the value of R (the difference 
b e tw ee n  the  am ino  acid sequence n u m b ers  of the N H  and  CO groups 
involved) is as follows: the CO  g roup  of res idue  i b inds to the N H  group 
of res idue  i + R.
A varie ty  of colours is used  for the bond  types, bu t in a conservative 
m anner.  For instance, w hen  R is betw een - 2 and  + 2, only one colour is 
a l loca ted .  F u r th e rm o re ,  b o n d s  b e tw ee n  am in o  acids n o t  n ear  in 
sequence ( N > 5 o r N < - 5 )  are given one colour. A n exception in this 
category is m ade  for bonds that belong to parallel beta sheets as they are 
a l loca ted  a sepa ra te  colour; this is to em p h as ize  the ir  p resence  and  
d is tingu ish  them  from the other bonds. O ther bonds in this g roup , the 
h y d ro g e n  bo n d s  invo lved  in an tipara lle l beta sheets, do  no t need  an 
in d iv id u a l  colour. They are sufficiently d istinct from the o thers , as a 
thick line portrays  them, both  in the po lypep tide  chain p ic tures  and  the 
d iag ram m atic  views.
F igu re  4 • 3 shows an instance of such colour schem e for the 3TLN 
p ro te in  d isp la y ed  as a th ree -d im ensiona l s truc tu re .  N ote  that in the 
legend , the va lue  R = - 5 is missing. This is d u e  to the fact that no 
b o n d in g  exists be tw een  any CO g roup  of res idue  i and  N H  g ro u p  of 
re s id u e  i - 5. This m ay help, for instance, a user to detect, in a glance,
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w hich  types of bond ing  occur in a given protein.
4 * 9 * 2  Sidechain -  Mainchain Hydrogen Bonds
For the in ter-sidechain  in teractions, just one colour is allocated to 
the  h y d ro g e n  b o n d s  an d  is labelled as "SIDE-SIDE" in the Colour Key 
W in d o w  legend. D isu lph ide  bonds  ("DISULPHIDE" label), if they exist, 
h ave  a sepa ra te  colour. Sidechain — m ainchain  in teraction  bonds are 
g iven  tw o  d ifferen t colours  d e p e n d in g  on  the in teraction  of the side 
chain w ith  either the CO or N H  group  of the m ain  chain.
4 * 9 * 3  N - Terminus and C - Terminus
T he  N - te rm in a l  a n d  C - te rm in a l  am in o  acids  a re  re p re s e n te d ,  
respectively , by  a square  and  a circle symbol of the sam e colour. The 
sam e colour is used  to represen t arrow s in the po lypep tide  chain pictures 
(see section 4 • 5 • 3) to retain consistency, as they all indicate direction. In 
F igu re  4 • 3, the  N - te rm in u s  an d  C -te rm in u s  are  re p re se n te d  in the 
Colour Key Window  as an orange square and  circle, respectively.
4 * 9 * 4  Colour Editor
C olour coding of hydrogen  bonds is u n d e r  user control. H e m ay 
change  one particu lar colour scheme until he is satisfied w ith  his design. 
The w ay  a user changes the colour of a type of bond  is done the following 
way: w henever  the user po in ts /c licks  at a particu lar colour box, the box 
d isp lays  a new  colour. The sam e process can be perfo rm ed  for all the
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o th e r  b o n d s . F inally , the D O N E box is se lec ted  to ack n o w led g e  
satisfaction  w ith  a particu la r colour scheme.
4 10 HOW TO START A SESSION?
To s tart a session, a user has first to log in to the system . Then, once 
the  shell sc rip t ap p ears  on  the screen (usually  a $ sign), acknow ledging  
v a lid  access to  the  system , tw o  p a ra m e te rs  hav e  to be en tered : the 
p ro g ra m  n am e  "PHD" w hich  in itia tes  execu tion  of the m a in  p ro te in  
v isua liza tion  p rog ram , fo llow ed by the code co rrespond ing  to the protein  
to be in v estig a ted  (usually  a four le tter code). For exam ple, a possible 
en try  w o u ld  be : "PHD 3WGA". Some p reprocessing  takes place (reading 
atom ic  an d  h y d ro g en  b o n d  files, s tru c tu rin g  in terna l o p era tions, etc ...) 
b e fo re  th e  P o ly pep t ide  Chain W in d o w  is d is p la y e d  sh o w in g  the 
p o ly p e p tid e  chain p ic tu re  w ith  the in ter-m ainchain  h yd rogen  bonds. The 
ch a in  is as la rg e  as p o ssib le , y e t s till fits in to  the  d isp la y  a rea  
o f th e  w in d o w . The a v e ra g in g  fac to r is set in itia lly  to 5. The 
P o ly p e p tid e  C hain  m en u  then  ap p ea rs  a t the top  r ig h t-h a n d  corner 
(un less specified  o th e rw ise  by the user, in itia lly), and  the u ser is in a 
p o sition  to s ta rt com m unicating  w ith  the system .
4 1 1  CONCLUSION
It is h o p ed  tha t the descrip tion  of the operations at the user level and  
the illu s tra tiv e  p ic tu res taken directly  from  the screen show  tha t the aim s 
of the  PH D  so ftw are  have been fulfilled. This so ftw are  is usefu l in 
a ss is tin g  a sc ien tis t to u n d e rs ta n d  m ore ab o u t the th ree -d im en sio n a l 
s tru c tu re  of p ro te in s  an d  the  re la tio n sh ip s  b e tw een  them  an d  the ir
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sequence. It is easily  used , even by a beginner. P erceptual response of 
the eye to v isual in fo rm ation  is perfo rm ed  efficiently. Effective colour 
d is p la y  h ig h lig h ts  im p o r ta n t fea tu re s  fo u n d  in  p ro te in s . D ep th  
p e rce p tio n  in  these  im ages have m ad e  it possib le  to crea te  m odels of 
p ro te in s  w h ic h  s tim u la te  th e  im a g in a tio n  of th e  e n d -u se r , w h ile  
m in im iz in g  tim e delays for d isp lay  or m an ip u la tio n  of the im age.
In the  p o ly p e p tid e  chain  com pu ter-genera ted  p ic tu res, as w ell as in 
those for atom ic detail, all the th ree-d im ensional hyd ro g en  bond  patterns 
of loops an d  secondary  s tru c tu ra l featu res are d isp layed . O n the other 
h an d , the  d iag ram m atic  view s d isp lay  h y d rogen  bonds in re la tion  to the 
p r im a ry  s tru c tu re , ra th e r  th an  in  the context of the th ree-d im ensional 
s tru c tu re . Several advan tages em erge from  the d iag ram m atic  views. In 
this type of d isp lay , every  hydrogen  bond  is clearly seen, since it cannot be 
obscured  by  o ther bonds or the pa th  of the chain, as h appens occasionally 
in  the  p o ly p e p tid e  chain  p ic tures. Yet, a m ajor ad v an tag e  is tha t the 
re la tio n sh ip  b e tw ee n  b o n d  p a tte rn  (secondary  s tru c tu re s , tu rn s , loop 
m otifs) and  sequence is evident. This is likely to be especially  usefu l for 
s tu d ie s  a im ed  at p red ic tin g  the th ree -d im ensional s tru c tu re  of p ro te ins 
from  sequence in form ation .
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FIG U RE 4 • 6 In te r-M a in ch a in  H y d ro g e n  B ond ing  in  the  T hree- 
D im ensional S truc tu re  of Therm olysin  (3TLN)
T he thick  w h ite  lin e  represents a sm ooth ed  alpha-carbon p lot. Inter-m ainchain  
h ydrogen  b ond s are drawn as coloured lines joining the positions of appropriate m ain chain 
atom s. W here both N H  and CO groups of one am ino acid are joined to the CO and N H  
groups o f one other am ino acid, a thicker coloured line is drawn. The colour represents the 
distance apart in the sequence of tw o am ino acids joined by a bond; in the colour key show n  
at the top right-hand corner, an integer R defines this distance as: the CO group of residue 
i b ind s to the N H  group of residue i + R. A lpha-helices appear as w avy lines, w ith  red 
hydrogen bonds; hydrogen bonds in antiparallel beta-sheets are yellow ; hydrogen bonds in 
parallel beta-sh eets are coloured dark green; and the different sorts o f lo o p s can be 
id en tified  b y  the co lour o f the bond s. The protein  coord in ates are from  X-ray 
crystallography work by H olm es and M atthews [HOLME 82].
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FIG U R E 4 • 7 C o m p u te r-G e n e ra te d  D iag ram  o f In te r-M a in c h a in  
H y d ro g en  Bonds in  Therm olysin  (3TLN)
The horizonta l row s o f b oxes represent the am ino acid resid ues. Inter-m ainchain  
h yd rogen  b on d s are represented as coloured p ipe-like features betw een  appropriate  
residues, w hich  connect at the right or left of each box d epending on w hether the N H  or 
CO group is involved . A rectangular box is drawn at the center of the bonds form ing a pair 
o f strands w ithin  a parallel beta-sheet so that such features can be readily identified. As 
in the other picture (the polypeptid e chain figure), red bonds are m ainly alpha-helices, 
the y e llo w  on es antiparallel beta-sheets, and the other colours m ostly  represent different 
sorts of loop.
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FIGU RE 4 • 8 A tom ic D etails  of a P o rtio n  of T h erm o ly sin  (3TLN) 
D isp lay ing  All the  A tom s
A portion  o f an alpha helix  o f 3TLN (from am ino acid 73-81) is show n. N ote  the red 
alpha h elical h yd rogen  b on d s form ing the helix. The green -sh ad e lin e  segm en ts  
represent n itrogen  atom s; the blue-shade line segm ents are for oxygen; the w hite-shade  
on es are for carbon atom s on the main chain; and the red-shaded ones are for carbon atom s 
on  the s id e  chain. Labelling of residues as a three-letter code is d isp layed  for every  
am ino acid; the labels are depth sorted along the other line segm ents form ing the picture.
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FIGU RE 4 • 9 A tom ic D etails  of a P o rtio n  of T h erm o ly sin  (3TLN) 
D isp lay ing  O nly  the Backbone A tom s
The sid e chain atom s from  Figure 4 • 8 are rem oved and on ly  the backbone atom s of the 
h elix  are sh ow n  together w ith  the red hydrogen  bonds joining the appropriate O xygen  
atom s (in blue) to the N itrogen atom s (in green). Labelling by am ino acid num ber is show n  
for every residue.
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H BONDSt CO MEETS NH 
R AMINOACIDS AHEAD.
N TERM Q  
C TERM O
( €
FIG U RE 4 • 10 In te r-M ain ch a in  H y d ro g e n  B ond ing  in  th e  T hree- 
D im ensional S truc tu re  of A ctin id in  (2ACT)
The X-ray crystallography of 2ACT w as carried out by Kam phuis et al. [KAMPH 84]. The 
thick w h ite  and grey line represent a sm oothed alpha-carbon plot, and inter-m ainchain  
h ydrogen  b ond s are draw n as coloured lines joining appropriate sm oothed alpha-carbon  
atom s. The low er dom ain, w hich is alpha-helical, is d istinguished  by the red bonds, and 
the top dom ain , being m ainly beta-sheet, has yellow  bonds.
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FIGURE 4 - 1 1  D iagram  C om paring  In ter-M ainchain  H ydrogen  Bonds in 
A ctin id in  (2ACT) an d  P apain  (9PAP)
2ACT (X-ray crystallography by Baker & D odson [BAKER 80]) is at the top, and 9PAP (X- 
ray crystallography by K am phuis et al. [KAMPH 84]) is in the low er, d iagram . They  
exh ib it 50% id en tity  at the sequence level, but are m ore related at the level o f inter- 
m ainchain  h ydrogen  bonds. N ote the red alpha helical bonds and the yellow  beta sheet 
ones.
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FIGURE 4 • 12 D iagram  C om paring  In ter-M ainchain  H yd ro g en  Bonds in 
H o m o lo g o u s  R egions of A c tin id in  (2ACT) an d  P ap a in  (9PAP), Both 
T aken from  the Sam e A m ino A cid Sequence C overing  A m ino A cid 47 to 
89
The low er diagram  is 9PAP and the upper on e 2ACT. The sequence is g iven  as the 
standard  on e-le tter  cod e. H yd rogen  b on d s are draw n in co lou r in a p ip e-lik e  
representation. A s before, where N H  and CO groups of a pair of am ino acids are bonded, a 
sin g le thick lin e is  draw n. The letter for each am ino acid is surrounded by a sm all box. 
The left-hand sid e  of the box corresponds to the N H  part and the right-hand side to the 
CO part. H ydrogen  bonds are drawn at one side or the other of the box to represent N H  or 
CO groups. A  few  atoms, for exam ple the oxygen of GLU 50 in 2ACT, bond to more than one 
other atom . W henever dihedral an gles are greater than zero, a red d ot is d isp layed  
above their corresponding 'boxes'. The two (red) alpha helices and the (purple and green) 
beta-bulge loop s are clearly hom ologous, but the short turquoise beta-hairpin in 2ACT  
appears to have been  inserted (or deleted in 9PAP).
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Innrian^ Ba^ B^ n^riEBizc^ agHsisacssBEi n^^ Tfinar:1
i i i n n H B B ^ H i ^
FIGU RE 4 • 13 D iag ram  C o m p arin g  S idechain  H y d ro g en  B onds in  
H o m o lo g o u s  R eg ions of A ctin id in  (2ACT) an d  P ap a in  (9PA P), Both 
T aken from  the  Sam e A m ino A cid Sequence C overing  A m ino A cid 47 to 
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The higher d iagram  is 2ACT and the low er one 9PAP. Side chains involved  in bonding  
are represented  b y  either w hite vertical lines (in 2ACT) or dull yellow  (in 9PAP), their 
length  approxim ating to the length of the side chain. H ydrogen bonds are portrayed as 
coloured lines, either betw een the ends of tags (for inter-sidechain bonds, blue), or betw een  
on e tag and on e m ain chain 'box' (for sidechain  —  m ainchain bonds, orange or lilac). 
H yd rogen  b on d s b etw een  sid e chain and main chain atom s from the sam e residue are 
portrayed as thick oblique flag-like features (one is seen at SER 70 in the 9PAP region).
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FIGURE 4 • 14 D iagram  C om paring  Inter-M ainchain  H ydrogen  Bonds in 
H o m o lo g o u s  R egions of A ctin id in  (2ACT) an d  P ap a in  (9PAP) T aken  
from  D ifferen t A m ino  A cid Sequences
The low er diagram  is 9PAP and the higher one 2ACT. The 2ACT region is taken from  
am ino acid 151 to 198, w hile the 9PAP region is from 144 to 191. The turquoise bonds  
indicate the p osition s o f beta turns at the loop  en d s of the tw o (yellow ) beta-hairpins in 
both proteins. N ote  the hollow  rectangular box in both regions, drawn at the center of the 
b on d s, form ing a pair o f strands w ithin  a parallel beta sheet. A lthou gh  h om ology  
b etw een  these proteins is high, an insertion or deletion , situated in the hairpin in the 
m idd le o f the picture, is needed to fully align the proteins.
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H B O N D S :  C O  M E E T S  NH 
R A M I N O A C I D S  A H E A D .
N T E R M  □  
C T E R M  O  
R > 3  —  
R * 4 ----
7 SO R . - 3  _R > - 4  —
P A R A L  —  
O T H E R S  —
FIGURE 4 • 15 P iecew ise D ecom position  of the P o ly p ep tid e  C hain  of 
D ih y d ro fo la te  R eductase  (3DFR) W ith  In ter-M ainchain  H y d ro g en  Bonds 
D isplay
The X-ray crystallography of 3DFR w as carried out by Filman et al. [FILMA 82]. Two  
fragm ents of 3DFR, from am ino acid 28-76 and from 97-161, are displayed  sim ultaneously. 
Inter-m ainchain hydrogen bonds involved  only in these two regions are displayed . The 
colour cod in g  for these hydrogen bonds is given  in the key displayed at the top right hand 
com er. The orange arrow s indicate the direction of the chain along its path. It is easy  to 
see from  the orientation of the arrows that strands of beta sheets on the left fragm ent are 
antiparallel w h ile  those on the right are parallel. Labelling is perform ed on  residue  
num bers spaced every 10 am ino acids. These labels are depth sorted and depth cued along  
w ith  the line segm ents form ing the polypeptide chain.
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N T E R M  
C T E R M  
S I D E - M A I N ( N H )  
S I D E - M R I N ( C O )  
S I D E - S I D E
FIGURE 4 - 1 6  P iecew ise D ecom position  of the  P o ly p ep tid e  C hain  of 
D ihyd ro fo la te  R eductase (3DFR) W ith Sidechain H ydrogen  Bonds D isplay
The tw o  p o ly p e p tid e  chain  fragm ents o f 3DFR are represented  as in Figure 4 - 1 5 .  
S id ech a in s in v o lv e d  in b on d in g  are represen ted  by tags w hich  project from  the 
p o ly p ep tid e  chain . H ydrogen  b ond s are portrayed as lin es of other colours, either 
b etw een  the en d s of tags (for inter-sidechain bonds, blue), or b etw een  one tag and one  
sm oothed  alpha-carbon (for sidechain —  mainchain bonds, red or pink). H ydrogen bonds, 
w here the sid e chain bonds to a m ain chain atom  of the sam e residue, are represented as  
thick ob lique flag-like features using the sam e colour-coding as for the other bonds. One 
can b e seen  on  the right fragm ent as a pink flag. The three-letter cod e lab elling  is 
d isplayed; spaced every 10 am ino acids, these labels are depth sorted and depth cued.
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FIGURE 4 - 1 7  D iagram  of the In ter-M ainchain  H ydrogen  Bonds of Tw o 
F ragm en ts  of D ihydrofo late  R eductase (3DFR)
The higher d iagram  corresponds to the right fragm ent in Figure 4 • 15 (am ino acid 28-76) 
w hile the low er diagram  represents the left fragment(96-161). H ydrogen bonds are drawn  
in colour in a p ipe-like representation. A s before, w here N H  and CO groups of a pair of 
am ino acids are b ond ed , a sin gle thick line is drawn. N ote the tw o h o llow  rectangular 
b oxes in  the upper region , draw n at the center o f the b ond s form ing pairs o f parallel 
strands; the low er regions is m ainly com posed  of antiparallel beta sheets represented as 
thick y e llo w  'pipes'.
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FIGURE 4 - 1 8  D iagram  of the H ydrogen  Bonds Involving Side C hains in 
Tw o F ragm ents  of D ihydrofo late R eductase (3DFR)
The d iagram m atic v iew  of the sam e fragm ents as in Figure 4 • 17 is d isplayed  but w ith  
sidechain  h ydrogen  b ond s involvem ent. Sidechains involved  in bonding arc represented  
b y w h ite  vertical lin es , their length  approxim ating to the length  o f the s id e chain. 
H ydrogen b ond s are portrayed as coloured lines, either between the ends of tags (for inter- 
sid echain  b on d s, b lue), or betw een  one tag and one main chain box' (for sidechain  —  
m ainchain bonds, red or pink). H ydrogen bonds between side chain and main chain atom s 
from  the sam e resid ue are portrayed as thick oblique flag-like features (one is seen  at 
am ino acid 48 in the upper region ).
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Chapter 5
IN T E R N A L  S T R U C T U R E
5 1  INTRODUCTION
In  w r i t in g  a m o le c u la r  so f tw a re  p a c k a g e , w h ic h  is s im ila r  to  a 
re la tiv e ly  la rg e  so ftw a re  d e v e lo p m e n t p ro jec t, p a r t  of th e  w o rk  h as  to  be  
d e v o te d  to  re s e a rc h in g  a lg o rith m s  a n d  d e s ig n in g  th e  s tru c tu re  o f th e  
so ftw are . O n ce  th e  d e s ig n  is d e te rm in e d  a n d  th e  a lg o r i th m s , d a ta  
s tru c tu re s , a n d  m o d u le s  a re  ch o sen , co d in g  th e  p ro g ra m  is re la tiv e ly  
s tra ig h tfo rw a rd . W hile  C h ap te r  4 w as con cern ed  w ith  th e  d e s ig n  of th e  
u se r in te rface  to  th e  sy stem , th is  c h a p te r  is d e v o te d  to  th e  d e s ig n  o f the  
in te rn a l s tru c tu re  o f th e  P H D  so ftw are  p ack ag e  as w ell as d e sc rib in g  th e  
v a r io u s  a lg o rith m s .
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5 -2  HARDWARE EQUIPMENT
T he W h ite c h a p e l C o lo u r G rap h ics  W o rk s ta tio n  C G I is b a se d  o n  a 
N a tio n a l S e m ic o n d u c to r  32016. Som e im p o r ta n t c h a ra c te ris tic s  o f th e  
m a ch in e  a re  as fo llow s:
- A  ra s te r  d isp la y  screen , w ith  768 x 576 re so lu tio n , is 
re f re sh e d  d ire c tly  fro m  m a in  m e m o ry  a n d  th u s  d o es  
n o t n e e d  an y  in te rm e d ia te  fram e  bu ffer. T he re fre sh  
ra te  is 57 H z.
- A  V ideo  o u tp u t  w h ich  has  on ly  a 6-b it o u tp u t  (2 b its  
o f  c o n tro l  o v e r  e a c h  o f th e  re d , g re e n  a n d  b lu e  
ch an n e ls) a n d  th u s  m ak in g  th e  d isp la y  dev ice  g en e ra te  
n o  m o re  th a n  64 d iffe ren t co lours fro m  a p a le tte  o f 256 
p o ssib le  co lours.
- A  h a rd w a re  c u rso r, w h e re  a 65 x 65 b itm a p  fro m  
m e m o ry  can  b e  v id e o  m ix ed  w ith  th e  m a in  sc reen  
im ag e .
T he C G I ru n s  on  G EN IX  (a v a r ia n t of th e  U N IX  o p e ra tin g  sy stem ) 
p ro v id in g  a m u lti-w in d o w  U N IX  e n v iro n m e n t, s u p p o r t in g  b o th  b u tto n  
m o u se  a n d  k ey b o a rd  in p u t.
5 • 3 SOFTWARE DESIGN METHODOLOGY
In  th e  d es ig n  o f th e  PH D  system , th e re  ex ist 3 d is tin c t p h a se s  . This 
id e a  fo llo w s  th e  d e s ig n  m e th o d o lo g y  u s e d  b y  M ille r  in  h is  m o d e l
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b u ild in g  sy stem  BUILD [MILLE 79] w h ere  he describes h is th re e  p h ases  as 
fo llow s:
«  The f i r s t  deals s tr ic t l y  w i th  in ternal  requ irements  
and  is p rompted  by posing  the question:  "w ha t  are the  
basic  opera t i ons  w h ich  m u s t  be pe r fo rm e d  on the  
d a t a ? " .  A n s w e r i n g  th is  q u e s t i o n  leads to the  
d e v e lopm e n t  o f  the data s t ruc tu re s  and a lgor i thms  to 
be used in the implementa t ion  of  the system.>  >
< < . . . T h e  s e c o n d  p h a s e  m u s t  be d e a l t  w i t h  
i n d e p e n d e n t l y  f r o m  the f i r s t  a n d  is p r o m p t e d  by  
ask in g  the quest ion:  "what  is the mos t  natural  w a y  for  
t h e  u s e r  to i n v o k e  these  o p e r a t i o n s ? . T h i s  
d e t e r m i n e s  w h a t  the u ser  in ter face  to the s y s t e m  
shou ld  be. The order in which  the two phases  are 
addressed does not seem to be very  im por tan t  as long  
as decis ions made in one phase do not adversely  affect  
those made  in the other .>>
< < . . . T h e  t h i r d  d e v e l o p m e n t  phase  is i d e a l l y  a 
r e la t i v e ly  easy one: t r a n s l a t i n g  user  ac t ion  a n d /o r  
c o m m a n d s  de f ined  in phase  2 in to  appropr ia te  calls  
on a lgor i thms  developed in phase l . > >
T he seco n d  p h a se  w as  d esc rib e d  in  C h a p te r  4. T he  co re  o f th is  
ch ap te r is d e v o te d  to  p h a se  1, w h ile  in  section  5 • 5, som e p o in ts  a re  g iv en  
th a t n e e d  to  b e  ta k en  in to  accoun t w h en  d ea lin g  w ith  p h a se  3.
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5 • 4 DATA STRUCTURES AND AT GORITHMS 
5 - 4 - 1  Data Structure for Input Files 
5 • 4 • 1 • 1 Atom ic Coordinate File
W h en  a p ro te in , say  x, is chosen  to be  v isu a lized , th e  f irs t s te p  is to  
s to re  in  co re  m e m o ry  its a tom ic coo rd in a tes  to g e th e r w ith  th e ir  a ttr ib u te s ; 
th ese  a re  re a d  from  th e  "x.mol" file, described  in  C h a p te r  3. A  lin ea r list, 
chainl 1, is  a llo ca ted  fo r such  sto rage. Each e n try , A T O M , h as  th e  d a ta  
s t ru c tu re  s h o w n  in  F ig u re  5 - 1 .  T he f irs t f ie ld  is u s e d  fo r a to m ic  
c o o rd in a te s  (coord) ,  fo llo w ed  by  th e  a to m  id e n tif ie r  (a t o m _ t y p e ), a m in o  
ac id  ty p e  (a m i n o _ t y p e ), t ru e  a to m  seq u en ce  n u m b e r  (a t o m _ n u m ) a n d  
t ru e  a m in o  ac id  se q u e n c e  n u m b e r  (a m i n o _ n u m ). N o te  th a t th e  to ta l 
n u m b e r  o f a to m s, d e c la re d  as T o l_N um _A tom  a n d  a lre a d y  sp ec if ied  a t 
th e  b e g in n in g  o f th e  ’’x .m ol" file, m a k es  d y n a m ic  m e m o ry  a llo c a tio n  
feasib le  fo r su ch  sto rage. A n a p p ro p ria te  scaling  a n d  a tra n s la tio n  to  th e  
cen ter o f m ass  a re  th e n  p e rfo rm e d  for th is tab le, so th a t th e  w h o le  im ag e  
can b e  d isp la y e d  o n  th e  screen.
coord a to m ty p c amino_type a to m n u m am ino_ num
X Y Z
3.5 2.4 1.1 CA ALA 23 8
FIGURE 5 • 1 D ata S tru c tu re  of A TO M  R ecord
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5 • 4 • 1 • 2 H y d ro g e n  B ond  File
A s th e  c o r re s p o n d in g  h y d ro g e n  b o n d  file  "x .h b o n d "  is re a d , all 
re le v a n t h y d ro g e n  b o n d  in fo rm a tio n  is s to re d  in  a lin e a r  lis t, h b o n d l  ]; 
a n  e x a m p le  o f  a n  e n t ry ,  H B O N D , is s h o w n  in  F ig u re  5 • 2. 
T o l_ N u m _ H b o n d , a lre a d y  d e f in e d  in  th e  "x .h b o n d "  in p u t  f ile  (see  
s e c tio n  3 - 5 - 2 ) ,  is  a l lo c a te d  to  s u c h  lis t. T o l_ N u m _ M H b o n d , 
T o l_ N u m _ S M H b o n d  a n d  T o l_ N u m _ S S H b o n d  a re  a lso  d e f in e d  in  
h b o n d l  ] a n d  re fe r, re sp ec tiv e ly , to: th e  to ta l n u m b e r  o f in te r-m a in c h a in , 
s id ech a in  —  m a in ch a in , an d  in te r-s id ech a in , h y d ro g e n  b o n d s .
Cat type start end
am inonun
virt_ 
amino nun amino type at ref amino nun
virt 
amino nun amino type at ref
50N SIDE MAIN NH 1 1 T 4 3 3 Y -1
FIGURE 5 • 2 D ata S truc tu re  of H B O N D  R ecord
N o te  th a t  th e  le n g th  in fo rm a tio n , g ro u p  2 in  "x .h b o n d "  file , is 
re p la c e d  b y  a t y p e  fie ld . For in s tan ce , in  th e  case o f in te r -m a in c h a in  
h y d ro g e n  b o n d s , t ype  is g o v e rn ed  by  R, th e  d iffe re n ce  b e tw e e n  a m in o  
ac id  se q u e n c e  n u m b e rs  of th e  C O  a n d  N H  g ro u p s  in v o lv e d . T h is  
v a ria b le  fie ld  is re fe rre d  to  by  nam e, u s in g  A lg o rith m  5 - 1 ,  as d e sc r ib e d  
below . T his a lg o rith m  d iffe re n tia te s  b e tw e e n  so rts  o f h y d ro g e n  b o n d  
ty p es  ( in te r-m a in c h a in  as w ell as s id ech a in  h y d ro g e n  b o n d s). O nce all 
the  h y d ro g e n  b o n d s  a re  re a d  in  a n d  th e  t ype  f ie ld s p ro c e sse d , th e  w h o le  
h b o n d l  ] ta b le  is  in  a n  o rd e re d  s ta te , h a v in g  a ll in te r -m a in c h a in  
h y d ro g e n  b o n d  class lis ted  befo re  th e  class of s id ech a in  h y d ro g e n  b o n d s  
(w h ich  in c lu d e  s id e c h a in  —  m a in c h a in  as w e ll as in te r - s id e c h a in  
h y d ro g e n  b o n d s ) . R ecall fro m  C h a p te r  3 th a t, fo r e v e ry  e n try , th e
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s t a r t . a m i n o _ n u m  su b -fie ld  v a lu e  is a lw ay s  less o r e q u a l to  th e  v a lu e  of 
e n d . a m i n o _ n u m  (e n su r in g  th a t th e  d irec tio n  of th e  ch a in  goes fro m  th e  
N - te rm in u s  to  th e  C -te rm in u s). T h is fac ilita te s  b o n d  se a rc h in g  w h e n  
p ro cess in g  o n e  o r th e  o th e r class, o r category.
N o te  also  th a t  fo r each  of th e  la s t tw o  fie ld s, s tar t  a n d  end ,  u s e d  to 
g a th e r  in fo rm a tio n  a b o u t th e  tw o  re s id u e s  in v o lv e d  in  b o n d in g , th e re  
e x is t tw o  a m in o  ac id  n u m b e rs : a m i n o _ n u m  a n d  v i r t _ a m i n o _ n u m .  
S o m etim es, a m in o  ac id s  a re  m iss in g  in  th e  B ro o k h av en  PDB a l th o u g h  
th e  c h a in  is in ta c t a n d , as a co n seq u en ce , th e  n u m b e r in g  s e q u e n c e  is 
b ro k e n ; th is  is b e c a u se  o f an  a t te m p t to  m a k e  a l ig n e d  fa m ilie s  o f 
h o m o l o g o u s  p r o t e i n s  h a v e  th e  s a m e  n u m b e r i n g  s y s t e m .  
v i r t _ a m i n o _ n u m  ( th e  v ir tu a l am in o  ac id  n u m b e r)  re fe rs  to  a m in o  ac id  
seq u en ce  n u m b e rs  fo r a c o n tin u o u s  n u m b e rin g  of th e  seq u en ce  w ith o u t 
d is ru p tio n ,  w h ile  a m i n o j n u m  (the  exac t am in o  ac id  n u m b e r)  re fe rs  to 
th e  o n e s  re c o rd e d  in  the  PDB; o ften , th e se  tw o  n u m b e rs  a re  id e n tic a l. 
a m i n o _ n u m  is n e e d e d  to  d isp la y  la b e ls  w ith  th e ir  re a l a m in o  a c id  
n u m b e r  w h ile  v i r t _ a m i n o _ n u m  is u s e d  to  e a se  h y d r o g e n  b o n d  
sea rch in g  in  hbondl  ] a n d  to  gen era te  th e  co rrect v a lu e  of R.
A lg o r i th m  5  • 1
To d if fe re n tia te  b e tw e e n  h y d ro g e n  b o n d  ty p e s , an  a lg o r i th m  is 
d e v ise d  th a t  s to re s  in  th e  t y p e  fie ld  th e  n am e  v a lu e s  a llo ca ted . I t is 
d iv id e d  in to  th re e  stages.
In  th e  f irs t s tag e , w h ile  th e  "x .hbond" file is re a d , th e  t y p e  f ie ld  in  
hbondl  ] d e tec ts  only :
- in te r -m a in c h a in  h y d ro g e n  b o n d  t y p e s  w i th o u t
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spec ify ing  if th ey  are  p a r t  of a 'd o u b le  b o n d ', a p a ra lle l 
b e ta -sh e e t o r an  an tip ara lle l beta-sheet.
- all types o f the  second  category.
T h e  s e c o n d  s ta g e  c o n s is ts  o f o rd e r in g  h b o n d l  ] so  th a t  in te r -  
m a in c h a in  h y d ro g e n  b o n d s  a re  lis te d  firs t, fo llo w e d  b y  s id e c h a in  —  
m a in c h a in  h y d ro g e n  b o nds.
In  th e  la s t s tag e , a f ilte r in g  p ro cess  is p e rfo rm e d  w h ile  h b o n d l  ] is 
r e a d  a g a in , a n d  th e  t y p e  f ie ld  is a l te re d  fo r th o se  h y d ro g e n  b o n d s  
b e lo n g in g  to  a n t ip a ra l le l  b e ta  sh ee ts , p a ra l le l  b e ta  sh e e ts  o r  'd o u b le  
b o n d s '.
A s th e  t ype  fie ld  is a variab le  re fe rred  to by  n am e, I h a v e  fo llo w ed  a 
co n v en tio n  fo r n a m in g  h y d ro g e n  b o n d s. In F ig u re  5 • 3, all th e  h y d ro g e n  
b o n d  c o n v e n tio n a l n a m e s  a re  lis te d  w ith  th e  c o r re s p o n d in g  v a lu e  on  
th e ir  left.
In te r-m a in c h a in  h y d ro g e n  b o n d s  h av e  a n am e  o f th e  fo rm :
M A IN _M A IN _x
w h e re  x  is e i th e r  0, M IN I, PLU S1, M IN 2 ,...,M IN 5 ,
PLU S5, M IN B IG  a n d  PLUSBIG d e p e n d in g  o n  R, th e  
d iffe re n c e  b e tw e e n  am in o  ac id  seq u en ce  n u m b e rs  o f 
th e  C O  g ro u p  a n d  N H  g ro u p s  in v o lv e d  (recall fro m  
C h a p te r  4 th a t  R re p re se n ts  th e  d is ta n c e  as: th e  C O  
g ro u p  o f re s id u e  i b in d s  to  the  N H  g ro u p  of re s id u e  i +
R). T h ese  b o n d s  a re  easily  d e te c te d  d u r in g  th e  firs t 
s tag e  of th e  a lgo rithm .
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(21) M A IN
(22) M A IN
(23) M A IN
(24) M A IN
(2 5 )M A IN _
(26) M A IN
(27) M A IN
(28) M A IN
(29) M A IN
(30) M A IN
(31) M A IN
M A IN




_ M A IN
M A IN
M A IN
_ M A IN






P L U S 2
_M IN 3
P L U S 3
_M IN 4
P L U S 4
M IN 5
P L U S 5
(32) M A IN _ M A IN _ M IN B IG
(33) M A IN _ M A IN  P L U SB IG  I
(40) M A IN _ S ID E  Z E R O N H
(41) S ID E _ M A IN  Z E R O N H
(42) M A IN _ S ID E  N H
(43) SID E  M A IN _ N H
(44) M A IN _ S ID E  Z E R O C O
(45) SID E  M A IN _ Z E R O C O
(46) M A IN  SID E  C O
(47) SID E M A IN _ C O
(48) S ID E  S ID E  D IS U L P H ID E













D O U B L E B O N D
D O U B L E B O N D
D O U B L E B O N D
D O U B L E B O N D
D O U B L E B O N D
D O U B L E B O N D
D O U B L E B O N D
D O U B L E B O N D
D O U B L E B O N D
D O U B L E B O N D
D O U B L E B O N D
D O U B L E B O N D
0
D U M M Y O
1
D U M M Y 1
2
D U M M Y 2
3
D U M M Y 3
4
D U M M Y 4
5
D U M M Y 5
(72) A N T IP A R A L L E L
(73) A N T IP A R A L L E L  D U M M Y
(80) PA RA LLEL 1
(81) PA RA LLEL 2
(99)PA R A L L E L  20
- H
l s t  S ta g e 2nd  S ta ge 3rd S ta g e
FIGURE 5 • 3 T he  M e th o d  of D e te rm in in g  T y p es o f H y d ro g e n  B onds 
D u rin g  S tages 1 a n d  3 of A lg o rith m  5 • 1
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'D oub le  b o n d s ' a re  of the  tw o  form s:
D O U B L E B O N D *  an d  D O U BLEBON D _DU M M Y x
w h e re  x  is 0, 1, 2, 3, 4 o r 5, d e p e n d in g  on  th e  ab so lu te  
v a lu e  of R. N o te  th a t, fo r a 'd o u b le  b o n d ', e ith e r  th e  
C O -> N H  g ro u p  o r th e  N H -> C O  g ro u p  is re fe rre d  to as 
D O U B L E B O N D *  , w h ile  the  o th e r g ro u p  is a d u m m y  
(e .g . D O U B L E B O N D  D U M M Y r). T hese  ty p e s  o f 
b o n d s  a re  d e te c te d  d u r in g  th e  th i rd  s ta g e  o f th e  
a lg o ri th m .
If a 'd o u b le  b o n d ' h as  a v a lu e  of x  g re a te r  th a n  5 o r less th a n  - 5, 
i t  i s  c a l l e d  A N T I P A R A L L E L  w h i l e  i t s  ' t w i n '  i s  
A N TIPA RA LLEL_D U M M Y . This ty p e  of b o n d  be lo n g s to  an  a n tip a ra lle l 
b e ta-shee t. T hey  are  d e tec ted  d u rin g  the  last s tag e  o f th e  a lg o rith m .
H y d ro g e n  b o n d s  th a t b e lo n g  to  p ara lle l b e ta-shee ts , h a v e  th e  nam e:
P A R A L L E L ,*
w h e re  * d e n o te s  th e  p a ir  o f s tra n d s  * (o r la d d e r  
*) th a t en c a p su la te s  the  'p a ra lle l' h y d ro g e n  b o n d .
1 < * < 20 , th u s  a llo w in g  u p  to  20 d iffe ren t la d d e rs  to  
ex ist in  a p ro te in . D u rin g  the  la s t stage , th e se  b o n d s  
a re  d e tec ted . N o te  th a t the  v a lu e  a lloca ted  to  th em  (80 
a n d  o v er) is th e  h ig h e s t c o m p a re d  to  th e  o th e r  t ypes ,  
as th is  fac ilita tes  th e  filte rin g  p rocess  a t s tag e  3 o f th e  
a lg o rith m  (see F igure  5 • 3).
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F or s id e c h a in  —  m a in c h a in  h y d ro g e n  b o n d s , n a m e s  a re  a llo c a te d  
w ith  th e  ru le  th a t d irec tio n  from  th e  N -te rm in u s  to  th e  C -te rm in u s  m u s t 
b e  specified . For ex am p le , M A I N S I D E N H  re p re se n ts  an  N H  g ro u p  of 
a m a in  ch a in  re s id u e  b o n d in g  to  a s id e  chain  a to m  of a re s id u e  o n  th e  
o th e r  s id e  o f th e  f irs t re s id u e  w ith  re sp ec t to  th e  N -te rm in u s . O n  th e  
c o n tra ry , S I D E M A I N N H  is u se d  fo r an  N H  g ro u p  b o n d in g  to  a s id e  
ch a in  a to m  of a re s id u e  a t th e  N -te rm in a l s id e  o f th e  N H  g ro u p  re s id u e . 
T h e  sa m e  h o ld s  fo r M A IN _SID E _C O  a n d  S ID E _M A IN _C O . T h e se  
sp e c if ic a tio n s  a re  n e e d e d  to  d ra w  d ia g ra m m a tic  v ie w  re p re s e n ta tio n s . 
N o te  th a t  M A IN _S ID E _Z E R O N H  a n d  S ID E _M A IN _Z E R O N H  h a v e  th e  
sa m e  m e a n in g  b u t  a re  ju s t d if fe re n tia te d  to  fo llo w  th e  lo g ic  o f th e  
n o ta tio n . D isu lp h id e  b o n d s  are  n am ed  SID E_SID E_D ISULPH ID E a n d  all 
th e  in te r-s id e c h a in  h y d ro g e n  b o n d s  h av e  SID E_SID E_O TH ER as a n am e  
a t ta c h e d  to  th e m  in  th e  t y p e  f ie ld . A ll s id e c h a in  —  m a in c h a in  
h y d ro g e n  b o n d s  as w ell as in te r-s id ech a in  b o n d s  are  easily  fo u n d  d u r in g  
stage  1 of th e  process.
W h ile  s ta g e  1 a n d  s tag e  2 of th e  a lg o rith m  are  re la tiv e ly  e a sy  to  
im p le m e n t, s ta g e  3 of th e  a lg o rith m  n ecess ita te s  a t te n tio n  a n d  is n o w  
described . Its code is listed  in  F igure 5 • 4.
I t is d u r in g  s ta g e  3 th a t  'd o u b le  b o n d s ',  b o n d s  b e lo n g in g  to  
a n tip a ra lle l b e ta  sh ee ts  a n d  b o n d s  b e lo n g in g  to  p a ra lle l b e ta  sh ee ts , a re  
d e te c te d . F o r th is , th e  h b o n d [  ] lis t is s c a n n e d  a g a in  fo r  a ll in te r-  
m a in c h a in  h y d r o g e n  b o n d s ;  th a t  is  to  s a y ,  o n ly  th e  f i r s t  
T o l_ N u m _ M H b o n d  e n trie s  of hbond[ ] a re  co n s id e re d , s ta r t in g  w ith  th e  
firs t o n e  o n  th e  list. To sim p lify  th is , I re fe r fro m  n o w  o n  to  th e  tw o  
ex trem ities  of a h y d ro g e n  b o n d , or e lem en t, as the  s ta rt a n d  e n d  re s id u e .
A n y  e le m e n t x  in  th e  lis t is f irs t te s te d  fo r 'd o u b le  b o n d in g ' by  
checking  n e ig h b o u rin g  b o n d s  w ith  th e  sam e s ta rt re s id u e . If o n e  is
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* A lgorithm  5 ♦ 1"
# d e f i n e  PARALLEL 80 /•R e fe r e n c e  b y  n a m e  to  first pair o f  s tra n d s , or la d d e r * /
P aralle l =  PARALLEL; / *  set in itia l v a lu e  n u m b er for e lig ib le  la d d e r * /
f  o r (  b  = h b on d ; b  - h b on d  < T ol N u m  M H b on d ; b + + ) {
f o r (  m  = b  +  1; m -> start.virt amino_num = =  b -> start.virt_amino num;  m + + ) {
if ( m->end. v ir t _amino_num == b->end.virt_amino_num){  /*  check possible doublebond*/ 
sw itch  (m -> t ype )  {
c a s e M A IN _ M A IN _ 0 :
b-> t ype  = D O U B L E B O N D O ;  
m -> t y p e=  D O U B L E B O N D D U M M Y O ;  
b re a k ;
c a s e M A I N _ M A I N _ M I N l:  
c a s e  M A IN _ M A IN _ P L U S 1 :
b -> t ype  = D O U B L E B O N D  1 ; 
m -> t ype =  D O U B L E B O N D D U M M  Y l ; 
b re a k ;  
c a s e . . .
c a s e M A I N _ M A I N _ M I N 5 :
c a s e M A IN _ M A IN _ P L U S 5 :
b -> t y pe  = D O U B L E B O N D 5 ;  
m -> t y p e=  D O U B L E B O N D D U M M Y 5 ;  
b r e a k ;  
d e f a u lt  :
b -> t ype  = AN TI PARALLEL;
m ->t ype  = A N T IP A R A L L E L _D U M M Y ;
b re a k ;
/ *  c o n sid e r  o n ly  b o n d s  w h ere  resid u e  d ifferen ce  is  5 or m ore * /  
if ( (b- > t y p e  != M A IN _M A IN _M IN B IG ) && ( b->t ype \= M A IN  M A IN  PLUSBIG ) ) 
c o n t i n u e ;
e l s e  /*  C h eck  th e p o ss ib ility  o f  a 'parallel' b o n d  * /
if ( (f in d  b eta (h b o n d  + (b - hbond  ) )) /* re cu rs iv e  ro u tin e  re tu rn in g  1 if  fo u n d  * /  
b -> t y p e  -  Parallel-H-; /*  a llo ca te  propx?r type v a lu e  b e fo r e ...* /
/*  ....referring to n ext la d d er  * /
FIG U RE 5 • 4 C o d e  for G en era tin g  In te r-M a in c h a in  H y d ro g e n  B ond  
T ypes (A lg o rith m  5 * 1 )  -
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fo u n d  w ith  th e  sam e e n d  re s id u e  as x (an d  th u s  is u n iq u e ), th e  sea rch  
e n d s  for e lem en t x  w h ich  is a 'd o u b le  b o n d '. Its n e ig h b o u r  is a llo ca ted  a 
'd u m m y  d o u b le  b o n d ’ t y p e ,  w h ile  x  is a llo ca ted  a 'd o u b le  b o n d ' t y p e  
d e p e n d in g  on  its  n e ig h b o u r  a n te r io r  t yp e  ( fo u n d  fro m  s ta g e  1). N o te  
th a t ,  if  th e  a n te r io r  t y p e  w a s  M A I N _ M A I N _ P L U S B I G  o r  
M A I N M A I N M I N B I G ,  x  is p a r t of an  an tip a ra lle l b e ta  sheet.
If th e re  ex ists  n o  su ch  n e ig h b o u r, x  is te s ted  for a p o ss ib le  'p a ra lle l ' 
b o n d  o n ly  if i ts  p r e s e n t  t y p e  is  M A IN _ M A IN _ P L U S B IG  o r  
M A IN _M A IN _M IN B IG . O th e rw ise , th e  search  e n d s  for x  a n d  th e  n ex t 
e lem en ts  in  th e  lis t are  checked  in  tu rn .
To see if x  is p a r t  o f a p a rticu la r p a ir  o f s tra n d s  w ith in  a p a ra lle l b e ta  
sh ee t, a re c u rs iv e  ro u tin e  is called . This ro u tin e  n o t o n ly  checks if x  is a 
'p a ra lle l ' b o n d  b u t  it fin d s , if x  is a 'p a ra lle l' b o n d , all th e  o th e r  'p a ra lle l ' 
b o n d s  th a t  b e lo n g  to  th e  sam e p a ir  o f s tra n d s  as x.  T he ro u tin e  w h e n  
called  re tu rn s  1 if a la d d e r  is found .
T he  ro u tin e  s ta rts  by  scan n in g  th e  hbond l  ] tab le  fro m  x. N o te  th a t 
x  is e ith e r  a C O -> N H  b o n d  co n n ec tio n  o r th e  o th e r  w a y  a ro u n d . T he 
code fo r b o th  a lte rn a tiv e s  is listed  in  F igure  5 • 5 a n d  o n ly  th e  firs t case is 
d e ta i le d  in  w h a t fo llow s. L et us su p p o se  th a t x  is a C O -> N H  b o n d  
c o n n e c tio n  f ro m  re s id u e  i to  re s id u e  j (w ith  i + 5 < j). C o n s id e ra tio n  is 
on ly  g iv e n  to  n e ig h b o u rin g  en trie s  to  x  w ith  a s ta r t  re s id u e  b e tw e e n  i 
a n d  i + 2. T h ere  a re  n o w  tw o  po ssib le  chances fo r x to  b e  a 'p a ra lle l ' 
bond : e ith e r  th e re  ex ists a n e ig h b o u r w ith  a s ta r t re s id u e  tw o  am in o  acids 
afte r x a n d  th e  sam e  e n d  re s id u e  as x (th is n e ig h b o u r  h a s  o b v io u s ly  a 
N H -> C O  b o n d  connection); or, if th is case fails, th e re  m a y  b e  a n e ig h b o u r 
w h ich  h a s  its  s ta r t  a n d  e n d  re s id u es  eq u a l re sp ec tiv e ly  to  i + 2 a n d  j + 2 
(this n e ig h b o u r  ob v io u sly  has a C O -> N H  b o n d  connection). If th is
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* A lgorithm  5 • 1 continued*
/* fin d  all b o n d s  b e lo n g in g  to  sa m e  la d d e r , a n d  a llo ca te  th e m ...* /  
/* ... th e  sa m e la d d er v a lu e  n u m b er  * /
in t f in d  b e ta (b )
/
H B O N D  *b;
{
H B O N D  *m;
if  ( b - > t y p e  == M A IN _M A IN _P L U S B IG ) { / * C O — > N H  co n n ectio n  * /
fo r ( m  = b + 1; m->start .vi r t  amino_num < =  b->start .virt_amino_num + 2; m + + ) { 
if  ( ( ( m ->  start.virt amino num - b->start .vir t  amino num == 2)
&& ( m ->end. v i r t _amino_num - b ->end .v i r t_amino_num  = = 0 )  )
II ( ( m ->start .virt_amino_num - b-> start .virt_amino_num ==2)
&& ( m -> end. v i r t _amino_num -b->end. v i r t _amino num  = = 2 ) ) )
fin d _ b eta (b  + (m  - b ) ); 
m -> typ e  = Parallel; 
retu rn  (1) ;
}
re tu rn  (0);
}
/*  find  rest o f  b o n d s  b e lo n g in g  to  sa m e  la d d er  * /  
/*  w h en  d o n e , a llo ca te  sa m e la d d er  v a lu e  as b  * /
/*  there is  no m o re b o n d  fo rm in g  th e  sa m e la d d er  * /
if (b ->  type == MAIN_MAIN_MINBIG) { /*  NH—>CO co n n ec tio n  * /
fo r ( m  = b + 1; m ->  start .virt_amino _num <= b ->  start.virt_amino_num + 2; m + + )  
if ( ( ( m ->  start .virt_amino_num - b -> start .virt_amino_num == 0)
&& ( m -> end .v i r t _amino_num - b -> end . v i r t_amino_num  = = 2 )  )
I I ( ( m -> start .virt_amino_num - b ->  start .virt_amino_num = =  2)
&& ( m -> end. v i r t _amino_num  - b -> end . v i r t_amino_num ==2)  ) )
fin d _ b eta (b  + (m  - b ) ) 
m -> typ e  = P a r a lle l; 
retu rn  (1) ;
}
re tu rn  (0) ;
FIGURE 5 • 5 C o d e  of the R ecursive R outine D etec ting  B onds B elonging 
to th e  Sam e P a ir of S trands (A lgorithm  5 • 1 C o n tin u ed )
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n e ig h b o u r  is fo u n d , a recu rs iv e  call to  th e  sam e ro u tin e  is a p p lie d  fo r th e  
n e ig h b o u rin g  e lem en ts  in  o rd e r  to  fin d  all b o n d s  in  th e  sam e la d d e r. The 
p ro cess  is re p e a te d  u n til no  such  b o n d s  are  fo u n d  an y m o re . T h erea fte r, 
th e  v a lu e  n u m b e r  o f th e  la d d e r  is a llo ca ted  to  th e  t ype  f ie ld  o f all th e se  
e lec te d  b o n d s , s ta r tin g  w ith  th e  la s t a n d  g o in g  u p  th e  'tree ' u n til x. A t 
th a t tim e, th e  la d d e r  is fu lly  d efin ed  a n d  n ew  elig ib le  'p a ra lle l' b e ta -sh e e t 
b o n d s  a re  checked  w ith  resp ec t to th e  nex t lad d er.
5 • 4 • 1 • 3 Dihedral Angle File
F in a lly , to  s to re  d ih e d ra l in fo rm a tio n  fro m  th e  in p u t  file "x .d ihed", 
a lin e a r  lis t, d i h e d [  ], is c rea ted . E ach  e n try , D IH E D , h a s  th e  d a ta  
s tru c tu re  s h o w n  in  F ig u re  5 • 6 . T he th re e  fie ld s o f DIF1ED s tru c tu re  
s to re , re sp ec tiv e ly , th e  am in o  acid  ty p e  (a m i n o _ t y p e  fie ld ), p s i an g le  (ps i  
fie ld ) a n d  p h i an g le  (ph i  fie ld ) n e e d e d  to  p o r tr a y  d ih e d ra l  a n g le s  in  
d ia g ra m m a tic  p ic tu res .
am ino_type psi phi
FIGURE 5 • 6  D ata S truc tu re  of D IH ED  R ecord
5 * 4 * 2  Tramline Drawing Techniques
Since th e  m a in  g rap h ic s  p rim itiv es  n e e d e d  to  v isu a liz e  p ro te in s  a re  
lines to  d ra w  lin e -se g m e n ts , th e  h e a r t  o f th e  p a c k a g e  is c o n c e n tra te d
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o n  t h r e e  t a b le s :  p o l y p e p t i d e _ l i n e [  ], d i a g r a m m a t i c _ l i n e [  ] a n d
deta i l_ l ine[  ]. Each one is d ev o ted  to  its a p p ro p r ia te  w in d o w . T hese  3 
ta b le s  h a v e  th e  sa m e  d a ta  s t r u c tu re  fo r  c o n s is te n c y  a n d  e a s e  of 
im p le m e n ta t io n  o f  th e  v a r io u s  ro u tin e s  o f th e  so f tw a re  in  a m o d u la r  
fash io n . Each o f th em  con ta in s the  g eo m etric  a n d  a ttr ib u te s  o f th e  line- 
s e g m e n ts  to  be  d ra w n , o rg a n iz e d  to  fac ilita te  p ro c e ss in g . G e o m e tric  
in fo rm a tio n  in c lu d e s  b o u n d a ry  c o o rd in a te s  a n d  p a ra m e te rs  to  id e n tify  
th e  s p a tia l  o r ie n ta t io n  o f b o n d s  a n d  a to m s. A ttr ib u te  in fo rm a tio n  
in c lu d es  d e s ig n a tio n s  of an y  colour, ty p e  a n d  o th e r re le v a n t fea tu re s  to  be 
a p p lie d  to  lin e -seg m en ts. T he d a ta  s tru c tu re  o f an  e n try  o f e ith e r  tab le , 
called  LIN E, looks like th e  o n e  in  F igure  5 • 7.
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FIGURE 5 • 7 D ata S tructu re  of LINE R ecord
G eo m etric  in fo rm atio n  in  LINE can be  o rg an iz ed  in  sev era l w ays. A 
c o n v e n ie n t m e th o d  to  d ra w  a lin e -seg m en t w o u ld  b e  ju s t to  sp ec ify  its  
tw o  e n d -p o in t co o rd in a tes . This w o u ld  m e an  h a v in g  o n ly  tw o  p o in te rs  
to A T O M  s tru c tu re s  (one for each  e n d -p o in t)  in  LIN E. H o w e v e r , w ith  
th is d a ta  s tru c tu re , tram lin es  in  p o ly p e p tid e  ch a in  p ic tu re s  a n d  a to m ic  
deta il o n es  c a n n o t be  d ra w n  easily. C on sid er w h a t h a p p e n s  a t th e  A  en d , 
in  F ig u re  5 • 8 , w h e n  tram lin es  a re  d ra w n  b e tw ee n  tw o  co n secu tiv e  line- 
seg m en ts  AB a n d  A C. L et u s  a ssu m e  th a t d e p th  of a lin e -se g m e n t is
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ta k e n  as its  m id p o in t  a n d  th a t AC is c lo ser to  th e  v ie w er. H en ce , 
tra m lin e s  a re  d ra w n  firs t for seg m en t AB (F ig u re  5 • 8  • a). T h en , the  
lin e -seg m en t (rectang le) is co lo u red  w ith  an  a p p ro p r ia te  sh a d e  d e p e n d in g  
o n  its d e p th  (F ig u re  5 • 8  • b). T he sam e p ro cess  is p e rfo rm e d  for line- 
s e g m e n t A C  (F ig u re  5 • 8  • c a n d  F ig u re  5 • 8  • d). N o te  th a t  in  F ig u re  
5 • 8  • d , o n e  o f th e  tram lin es  of A C cuts in to  the  c o lo u re d  p o r tio n  o f AB, 
p ro d u c in g  a no tch ; th e  o th e r tram lin e  is sh o rt, p ro d u c in g  a gap .
T o  a l le v ia te  th is  p ro b le m , a t im e -c o n s u m in g  a lg o r i th m  w a s  
d e v e lo p e d  b y  P o e t a n d  M iln e r-W h ite  [PO ET 8 6 ]. H o w e v e r ,  th is  
p ro c e d u re  is too  s lo w  for in te rac tiv e  ro ta tio n  o f a m o d e l, a n d  so m e  o th e r 
im p le m e n ta t io n  te c h n iq u e  h as  to  b e  d e v is e d  to  a c h ie v e  in te ra c t iv e  
m a n ip u la tio n  o f p ic tu re s , w h ile  u s in g  tram lin es  d e p th  p e rce p tio n .
T h ere fo re , th e  m a jo r fac to r w h ich  led  m e  o rg a n iz e  L IN E s tru c tu re s  
th is  w a y  is d u e  to  tram lin es. The n ew  ap p ro a c h  is il lu s tra te d  in  F ig u re  
5 • 9 w h e re  lin e  seg m en ts  are  d ra w n  acco rd in g  to th e  fo llo w in g  ru le:
A ll c o n n e c tin g  b o n d s  a re  d ra w n  as lin e -se g m e n ts  
th a t  ru n  fro m  th e  a to m  in  q u e s tio n  to  a p o in t h a lf  
w a y  b e tw e e n  th e  tw o  a to m s b e in g  jo in ed . T h u s , 
e a c h  b o n d  c o n s is ts  o f tw o  s e g m e n ts ,  o n e  
co n trib u te d  by  each  a tom  b e in g  jo ined .
C irc u la r  b ru sh e s  a re  im p lem en ted  to  d ra w  lin e -seg m en ts  in  o rd e r  to  
ease tra m lin e  rep re sen ta tio n . M oreover, u se  of th ese  b ru sh e s  is n o t o n ly  
h e lp fu l for tra m lin e  re p re s e n ta tio n  b u t is, by  itse lf, an  e n h a n c e m e n t to  
th re e -d im e n s io n a l p e rc e p tio n , as a lre a d y  seen  in  se c tio n  4 • 6 . T he  
te ch n ica lity  o f th is  m e th o d  is n o w  ex p la in ed  b y  an  e x a m p le  (sh o w n  in  
F igure  5 • 9) w h e re  line-segm en ts  a ro u n d  a tom s A a n d  B a re  to  b e  p lo tted .
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FIGURE 5 • 8  D raw in g  T ram lines w h en  L ine-Segm ents D irectly  Jo in  T w o 
A to m s
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5 • 4 • 2 • 1 Tram lines Around Polypeptide Chains
In  th is  ex am p le , A , B a n d  C re p re se n t th re e  c o n secu tiv e  sm o o th e d  
a lp h a -c a rb o n s  in  th e  d is p la y  o f p o ly p e p tid e  ch a in s  w ith  o n ly  in te r-  
m a in c h a in  h y d ro g e n  b o n d s  v isu a lized . E x am in a tio n  o f th e  p ro c e d u re  
fo r th e  o th e r  p ic tu re s  fo llow s a fte rw ard s . A s te rm in o lo g y , a lp h a -c a rb o n  
seg m en ts  (or chain  segm en ts) a re  re fe rred  to as lin e -seg m en ts  g o in g  from  
o n e  a lp h a -c a rb o n  to w a rd s  th e  n ex t in  th e  p o ly p e p tid e  ch a in  p ic tu re s ; in  
th e  a to m ic  d e ta il  p ic tu re s , lin e -se g m e n ts , re fe r re d  to  as m a in  c h a in  
se g m e n ts , go  fro m  m a in  ch a in  a to m  to w a rd s  th e  n e x t a to m ; a n d  s id e  
chain  seg m en ts  a re  to  the  ones d e p a r tin g  from  a s ide  ch a in  atom .
R efe rrin g  to  F ig u re  5 • 9 in  w h ich  d e p th  so rtin g  is c a rried  o u t  fo r all 
line  seg m en ts , le t u s  assu m e  th a t a to m  C is th e  closest to  th e  v iew er, th e n  
com es B, a n d  fin a lly  A. In F ig u re  5 • 9 • a, a circle is f irs t d ra w n  in  th e  
b a c k g ro u n d  co lo u r a n d  cen te red  a t A; its ra d iu s  is eq u a l to  th a t of th e  one  
u se d  to  p lo t a lp h a -c a rb o n  seg m en ts . A lso , th e  c irc u la r  b ru s h  u s e d  to  
d ra w  th is  circle h as  a ra d iu s  (the b ru sh  th ickness) of 2 p ixels. A fte r th is, 
tra m lin e s  a re  d ra w n  in  th e  b a c k g ro u n d  co lo u r (w ith  th e  sa m e  b ru s h  
th ick n ess  as th e  o n e  u se d  to d ra w  th e  circle) fro m  p o in ts  on  th e  circ le to  
p o in ts  o n ly  h a lf  w a y  b e tw ee n  AB an d  AC. T hese tram lin es  a re  p a ra lle l to , 
a n d  on  each  s id e  of, th e  a lph a-carb o n  segm en ts. T he n ex t s tep  is to  d ra w  
th e  a lp h a -c a rb o n  seg m en ts  AB an d  AC (see F ig u re  5 • 9 • b) a c c o rd in g  to 
th e  ru le  l is te d  e a r lie r . T he  b ru s h  th ic k n e ss  d ra w in g  a lp h a -c a rb o n  
s e g m e n ts  is p r e d e f in e d  in i t ia l ly  b u t  can  b e  a l te r e d  b y  th e  u s e r ,  
b e fo re  th e  s ta r t  o f a sessio n , w ith o u t re c o m p ilin g  th e  w h o le  p ro g ra m . 
A v a r ia tio n  o f th is  v a lu e  (ex p ressed  as a n u m b e r  of p ixe ls) w ill m a k e  
th e  p o ly p e p t id e  c h a in  lo o k  e i th e r  th ic k e r  o r  le ss  th ic k . T h e  
s h a d in g  u s e d  fo r th e  a lp h a -c a rb o n  seg m en ts  a ro u n d  A  d e p e n d s  o n  
the  d e p th  o f A , its z-coord inate . The sam e tech n iq u e  is p e rfo rm e d
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FIGU RE 5 • 9 D raw in g  T ram lines A ro u n d  A lp h a-C arb o n  S egm en ts
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a r o u n d  a to m  B (F ig u re  5 • 9 • c a n d  F ig u re  5 • 9 • d) w h ic h  h a s  tw o  
co n n ec tin g  b o n d s  BA a n d  BD. N o te  th a t th e  sh a d in g  u se d  is lig h te r  as B 
is in  fro n t of A; th is g ives a d e p th  cueing  effect. This p ro cess  is re p e a te d  
fo r ev e ry  a to m  u n til th e  w h o le  p ro te in  is d ra w n  (F igure 5 • 9 • e).
N o te  th a t, to  d ra w  tra m lin e s , n o rm a l v ec to rs  to  e v e ry  c o n n e c tin g  
b o n d  n e e d  to  b e  c o m p u te d . In  F ig u re  5 • 10, th e  c o o rd in a te s  o f th e  
fo llo w in g  p o in ts  n e e d  to  b e  c o m p u te d  in  o rd e r  to  p lo t  t r a m lin e s  
e m erg in g  fro m  a to m  A: P I , P2, P3, P3, P4, R l, R2, R3 a n d  R4. To d o  th is, 
th e  n o rm a l v e c to rs  p  a n d  r , to  b o n d s  AB a n d  A C , re s p e c tiv e ly , a re  
co m p u ted , to g e th e r w ith  the  h a lf w ay  p o in ts  I an d  J b e tw ee n  AB a n d  AC.
FIGU RE 5 • 10 B oundary  P o in ts N e e d e d  to  D raw  T ram lin es
C a re  m u s t  b e  ta k e n  w h e n  a llo ca tin g  b ru s h  th ic k n e sse s  to  a lp h a -  
ca rb o n  seg m en ts . As sh o w n  in  F ig u re  5 -1 1 ,  a th ick n ess  o f 2 p ix e ls  in  
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s e g m e n t, p ro d u c in g  a n o tc h  o f 1  p ix e l in  b o th  s id e s  o f th e  ch a in . 
H o w e v e r, th is  s id e  effect d isap p ea rs  for va lues of th ickness above  2 pixels.
FIGURE 5 -1 1  A ppearan ce  of N o tches
N o te  th a t if a n tia lia s in g  ro u tin e s  w ere  im p le m e n te d , w h ic h  sm o o th  
o u t th e  lines, tram lin es  co u ld  b e  d ra w n  u s in g  a b ru s h  th ick n ess  o f o n ly  1  
pixe l a n d  a t n o  tim e  w o u ld  a n o tch  ap p ea r on  th e  chain  segm en ts . B ut as 
th is  m e th o d  is t im e -c o n su m in g , m y  p ro c e d u re  is b e tte r ; it p e r fo rm s  
p e rfec tly  p ro v id e d  th e  ch a in  seg m en t th ickness is above  2  p ixels.
S om e fu r th e r  e x p la n a tio n  is n e e d e d  to  d esc rib e  h o w  tra m lin e s  a re  
d ra w n  a ro u n d  a to m s in  a tom ic  d e ta il p ic tu res , a n d  in  p o ly p e p tid e  ch a in  
p ic tu re s  d is p la y in g  s id e c h a in  h y d ro g e n  b o n d s . W ith  r e g a rd  to  th e  
d ia g ra m m a tic  p ic tu res , on ly  the  h y d ro g en  b o n d s , p o r tra y e d  b y  m e an s  o f a 
p ip e -lik e  re p re se n ta tio n , n eed  th e  u se  of tram lin es . In  th e se  d ia g ra m s , 
tram lin es  a re  d isp la y e d  b y  d ra w in g  h y d ro g e n  b o n d  lines tw ice  ev e ry  tim e  
th e y  a re  e n c o u n te re d , o n e  on  to p  of th e  o th e r, b u t  w ith  tw o  d if fe re n t 
c irc u la r b ru s h  sizes. T he firs t line  is d ra w n  in  th e  b a c k g ro u n d  co lo u r 
w ith  a th ick  line. T he second  is a re d ra w  o f th e  sam e line  w ith  a th in n e r  
c irc u la r b ru s h  s ize  (one p ixe l less in  th ick n ess) a n d  in  th e  a p p ro p r ia te  
co lo u r.
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5 • 4 • 2 • 2 Tramlines around Tags
F or th e  p o ly p e p tid e  chain  p ic tu re s  d is p la y in g  s id e c h a in  h y d ro g e n  
b o n d s , tram lin es  a re  d ra w n  as illu s tra te d  in  F ig u re  5 • 9, ex cep t fo r m in o r 
a d d i t io n  fo r c e rta in  b o n d s . It co n ce rn s  th o se  s m o o th e d  a lp h a -c a rb o n  
a to m s w h e re  s id e  cha in s  in v o lv ed  in  h y d ro g e n  b o n d in g  a re  re p re s e n te d  
b y  tags. R ecall fro m  C h ap te r  4 th a t the  d irec tio n  o f tag s  is c o m p u te d  by  
b is e c t in g  th e  o b tu s e  a n g le  fo rm e d  b y  th e  s m o o th e d  a lp h a -c a rb o n  
c o o rd in a te s  o f th e  re s id u e  in  q u es tio n  an d  th o se  o f its tw o  n e ig h b o u rs . 
A ll ta g s  h a v e  th e  sam e sym bolic  le n g th  o f 1 A. T he w a y  tra m lin e s  a re  
d ra w n  for su ch  re s id u e s  is illu s tra ted  in  F ig u re  5 • 12, w h e re  a lp h a -ca rb o n  
A is in v o lv e d  in  b o n d in g  w ith  s id e  chain  atom s.
F irs t, th e  tra m lin e s  for th e  tw o  a lp h a -ca rb o n  seg m en ts  AB a n d  A C 
are  p lo tte d  as befo re  (F igure 5 • 12 • a). N ex t, tram lin es  a ro u n d  th e  tag  are  
d ra w n  in  th e  fo llo w in g  w ay: a line  is d ra w n , fro m  A to  a p o in t lA  fro m  
A , w ith  a d irec tio n  vec to r co m p u ted  b y  b isec ting  th e  o b tu se  an g le  fo rm ed  
by  C, A  a n d  B. T he c ircu lar b ru sh  u sed  has a th ickness 1 p ixe l m o re  th a n  
th e  o n e s  u s e d  to  d ra w  a lp h a -c a rb o n  se g m e n ts . I t is d ra w n  in  th e  
b a c k g r o u n d  c o lo u r  (F ig u re  5 • 12 • b ). T h is  l in e  is r e d r a w n  
(F ig u re  5 • 12 • c) w ith  th e  sam e  b ru s h  th ick n ess  as th e  o n e  fo r a lp h a -  
c a rb o n  s e g m e n ts ; th e  s h a d in g  d e p e n d s  o n  th e  p o s it io n  o f A  (its  z 
c o o rd in a te ).
N o te  th a t  th is  te c h n iq u e  a v o id s  d ra w in g  a b a c k g ro u n d  c irc le  a n d  
tram lin es . It th u s  saves  the  co m p u ta tio n  tim e th a t w o u ld  b e  n e e d e d  to  
get tra m lin e  c o o rd in a te  en d -p o in ts . T he final s tep  is to  d ra w  th e  a lp h a - 
carb o n  seg m en ts  AB a n d  A C (F igure 5 • 12 • d) acco rd in g  to th e  ru le  g iv en  
e a r lie r . N o te  th a t  th e  sam e  s h a d in g  is  u s e d  fo r th e  a lp h a -c a rb o n  
seg m en ts  a n d  th e  tag , as all th ree  lines d e p a r t from  A. G en era lly  w ith
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FIGURE 5 - 1 2  D raw ing  T ram lines A ro u n d  Tags
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th is  te ch n iq u e , n o tch es  do  n o t exist.
5 • 4 • 2 • 3 T ra m lin e s  in  A tom ic  D e ta il P ic tu res
In  re p re s e n t in g  a to m ic  d e ta ils , a v a r ia tio n  in  b ru s h  th ic k n e ss  o f 1 
p ix e l b e tw e e n  m a in  chain  seg m en ts  a n d  s id e  chain  seg m en ts  a llo w s o n e  
to  d iffe re n tia te  w h ich  a to m s b e lo n g  to  th e  p o ly p e p tid e  chain . T his cue  is 
in  a d d i t io n  to  th e ir  d if f e re n t ia t io n  b y  c o lo u r  (see  s e c tio n  4 • 6  ). 
N e v e r th e le s s ,  th e  sa m e  p ro c e ss  as th e  o n e  u s e d  fo r a lp h a -c a rb o n  
s e g m e n ts  is a p p l ie d .  W h e n  m a in  c h a in  a to m s  a re  d r a w n ,  th e  
b a c k g ro u n d  circles u se d  h av e  a ra d iu s  1  p ixe l h ig h e r  th a n  th e  o nes  u se d  
fo r c irc les a ro u n d  s id e  chain  atom s. A s befo re , th e  b ru s h  th ick n ess  u se d  
to  d ra w  circles a n d  tram lin es  is fixed  to  2 p ixels. F ig u re  5 • 13 i l lu s tra te s  
th e  w a y  tra m lin e s  a re  d ra w n  a ro u n d  an  a lp h a -c a rb o n  C a  (w h e re  m a in  
ch a in  b o n d s  to  s id e  chain) in  a lan ine. It has  o n ly  o n e  ca rb o n  s id e  chain  
a to m  re fe r re d  to  as CB. T he g e n e ra liz a tio n  o f th e  te c h n iq u e  fo r o th e r  
r e s id u e s  as w e ll as p ro lin e  (w h ich  h as  co v a le n t b o n d : n i t ro g e n — sid e  
chain ) is s tra ig h tfo rw a rd .
In  F ig u re  5 • 13 • a, all m a in  ch a in  seg m en ts  e m e rg in g  fro m  C a  are  
d ra w n  to g e th e r  w ith  th e ir  tra m lin e s  a n d  b a c k g ro u n d  circle; th e  p o s itio n  
o f C a  is ta k en  as b e in g  the  closest to  th e  v iew er. In  F ig u re  5 • 13 • b  a n d  
F igu re  5 • 13 • c, th e  s id e  chain  seg m en t d e p a rtin g  fro m  CB is p lo tte d . This 
is c a rried  o u t afte r th e  circle an d  tram lines are  d isp lay ed .
Z o o m in g  in  a t th e  b o u n d a ry  ju n c tio n  (see F ig u re  5 • 13 • c) sh o w s  
so m e  n o tc h e s  (3 in  to ta l) a p p e a r in g  on  th e  C a  m a in  c h a in  s e g m e n t. 
T hese n o tch es  m ig h t be  th o u g h t u n accep tab le  b u t, on  th e  co n tra ry , g ive  a 
sa tisfy ing  v isu a l effect becau se  they  p ro v id e  an  a rticu la ted  a p p e a ra n c e  a t
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FIG U RE 5 • 
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13 D ra w in g  T ram lin es  A ro u n d  M a in c h a in  —  S id e c h a in
138
In te rn a l S tru c tu re
th e  ju n c tio n . T his is a lso  d e p ic te d  in  th e  c o m p u te r-g e n e ra te d  p ic tu re  
sh o w n  in  F ig u re  4 • 8 .
F or th e  a lp h a -c a rb o n  seg m en ts , th e  b ru sh  th ick n ess  fo r m a in  ch a in  
a n d  s id e  chain  seg m en ts  can be  a lte red  befo re  th e  s ta rt of a session . N o te  
h o w e v e r, th a t th e  b ru sh  th ickness u sed  to  d ra w  m a in  ch a in  seg m en ts  has  
to  b e  1  p ixe l h ig h e r th an  th a t for s ide  chains.
It sh o u ld  n o w  be clear h o w  the  LINE d a ta  s tru c tu re  is d e s ig n ed . The 
f irs t f ie ld , a p o in te r  to  an  A TO M  re c o rd , in d ic a te s  th e  p o s it io n  of th e  
c e n tra l a to m  w h e re  b o n d  co n n ec tio n s  a re  to  b e  m a d e . T h e  n e x t fie ld , 
c o n ta in in g  fo u r  su b -fie ld s  all p o in tin g  to  A T O M  re c o rd s , re fe r  to  its 
assoc ia te  se t o f b o n d  connections. U p  to  4 a to m  co n n ec tio n s  a re  a llo w ed  
for each  a to m  since, in  p ro te in s , an  a to m  can n o t b e  b o n d e d  to  m o re  th a n  
4 n e ig h b o u rin g  ones. I a d o p te d  th is  LIN E s tru c tu re  d e s ig n  fo r all th ree  
p ro te in  re p re s e n ta t io n s  (p o ly p e p tid e , a to m ic  d e ta il  a n d  d ia g ra m m a tic  
v iew ) w h e re  th e  d iffe ren t fields a re  d escrib ed  for each  re p re se n ta tio n .
5 * 4 * 3  Polypeptide Chain Data Structure D esign
F o r th e  p o ly p e p tid e  ch a in  p ic tu re  to  b e  d is p la y e d , a lp h a -c a rb o n  
in fo rm a tio n  fo r th e  back b o n e  chain  of th e  p ro te in  u n d e r  s tu d y  a re  s to re d  
in  an  iso la te d  tab le , alpha[ ], h a v in g  T o l_ N u m _ A lp h a  as s ize  (a lre a d y  
sp ec ified  in  th e  "x.m ol" in p u t file). This in fo rm a tio n  is c o p ied  d ire c tly  
fro m  th e  cha in l  ] tab le  w h e re  each  e n try  of alpha[ ] h a s  th e  sam e  d a ta  
s t r u c tu re  as A T O M . a l p h a l  ] a lso  u n d e rg o e s  a l te r a t io n  d u e  to  
p o s itio n in g . I t is p e rfo rm e d  for the  a lp h a-carb o n  co o rd in a te s  b y  a p p ly in g  
th e  a v e ra g in g  m e th o d  d e v e lo p e d  b y  P o e t & M iln e r-W h ite  [PO ET 8 6 ] to  
sm o o th  o u t  th e  cou rse  of th e  chain  (see Section 4 • 5 • 1).
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S ince th e  re p re s e n ta t io n  of p o ly p e p tid e  c h a in s  w ith  s id e  c h a in s  
d isp la y s  tag s  fo r th o se  sm o o th e d  a lp h a -c a rb o n s  w h o se  s id e  ch a in s  a re  
in v o lv e d  in  h y d ro g e n  b o n d in g , a tab le , tagl  ], is c re a te d , c o p y in g  fro m  
a lpha[  ] th e  in fo rm a tio n  o f th e  a lp h a -c a rb o n s  in  th is  c a te g o ry . T he 
e lig ib le  a lp h a -c a rb o n s  a re  fo u n d  b y  s c a n n in g  th e  h b o n d [  ] lis t  a n d  
re c o rd in g  o n ce  o n ly  th o se  w h o se  s id e  ch a in s  a re  b o n d e d . A T O M  
s tru c tu re s  a re  u sed , as w ell, fo r each  en try . A lth o u g h , as a ru le , less th a n  
a th ird  o f th e  a lp h a -ca rb o n s  are  in  th is ca tego ry , I p re fe rre d  to  a lloca te  to  
t a g l  ] h a lf  th e  a l p h a l  ] sp a c e  (e.g . T o l_ N u m _ A lp h a  /  2). S o m e  
p re p ro c e ss in g  is m a d e  to th e  coord fie ld  in  o rd e r  to  re p re se n t th e  lA  tag  
d is tan ces .
T h e  p o l y p e p t i d e  l ine l  1 ta b le  co n s is ts  o f a ll th e  g e o m e tr ic  a n d  
a t tr ib u te  in fo rm a tio n  of th e  lin e  seg m en ts  to  b e  d ra w n . T h is in c lu d e s  
h y d ro g e n  b o n d s  as w ell as sm o o th ed  a lp ha-carbons. LIN E s tru c tu re s  are  
u se d  fo r each  e n try  a n d  th e  o rd e r in g  of th is tab le  is o rg a n iz e d  in  th re e  
la y e rs : f ir s t ,  th e  c h a in  s e g m e n t in fo rm a tio n  la y e r , th e n  th e  in te r -  
m a in c h a in  h y d ro g e n  b o n d  in fo rm a tio n  lay e r a n d  fin a lly  th e  in fo rm a tio n  
la y e r  fo r s id e c h a in  h y d ro g e n  b o n d s  (see F ig u re  5 • 15). T h is  is d o n e  in  
o rd e r  to  e a se  th e  s e a rc h in g  p ro c e ss  in  th e  m o d e l. T h e  b lo c k  s ize  
a l lo c a tio n  to  p o l y  p e p  t i d e _ l i n e [  ], T o l_ N u m _ P o ly lin e , is e q u a l  to  th e  
su m  o f T o l_ N u m _ A lp h a  a n d  T o l_ N u m _ H b o n d .
5 • 4 • 3 • 1 Geometric Information
C o n c e rn in g  th e  g eo m etric  in fo rm a tio n  fo r a lp h a -c a rb o n s , th e  fie ld  
s ta r t  w h ic h  is a p o in te r  to  an  A TO M  reco rd  in  a l p h a l  1, in d ic a te s  th e  
p o s itio n  o f th e  cen te r a lp h a -ca rb o n  w h ere  a lp h a -c a rb o n  c o n n ec tio n s  are  
to  b e  m a d e . A m o n g  th e  fo u r su b -fie ld s  of c o n n e c t , th e  f irs t tw o , a lso  
p o in te rs  to  A T O M  reco rd s  in  alphal  ], re fe r to  its tw o  n e ig h b o u rs . T he
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th ird  su b -fie ld  re fe rs  to  a tag  p o s itio n  in  th e  tagl  ] tab le  in  case  o f an  
a lp h a -c a rb o n  in v o lv e m e n t in  s id ech a in  b o n d in g ; o th e rw ise , it  is ig n o red . 
T he la s t sub -fie ld  is to ta lly  ig n o red  for such  rep re sen ta tio n .
G e o m e tric  in fo rm a tio n  o f all h y d ro g e n  b o n d s  u ses  th e  s ta r t  f ie ld  
a n d  o n ly  th e  f irs t su b -fie ld  of c o n n e c t . T hese tw o  p o in te rs  re fe r  to  th e  
tw o  e x tre m itie s  o f th e  h y d ro g e n  b o n d  line  to  b e  d ra w n . In  o rd e r  to  ge t 
la y e r 2 a n d  lay e r 3 re ference  p o in te rs , hbond[ ] is scan n ed  th ro u g h  its tw o  
v i r t _ a m i n o _ n u m  su b -e n tr ie s . In  case  of la y e r  2 LIN E e n tr ie s , b o th  
p o in t  to  A T O M  e n tr ie s  in  a lpha[  ]) in  la y e r  3, L IN E  e n tr ie s  w h e re  
s id e c h a in  —  m a in c h a in  h y d ro g e n  b o n d  g eo m etric  in fo rm a tio n  is s to re d , 
th e  s ta r t  a n d  c o n n e c t lO ] en trie s  p o in t to  e ith e r  alpha[ ] o r  t ag l  J b u t  n o t 
b o th ; in  L IN E  e n tr ie s  b e lo n g in g  to  la y e r 3, b u t  w h e re  in te r -s id e c h a in  
h y d ro g e n  b o n d s  are  invo lved , b o th  p o in t to  tagl I.
T he l in k  fie ld  is an  in teg e r v a riab le  th a t in d ica te s  th e  ac tu a l n u m b e r  
o f co n n ec tio n s  a lin e  seg m en t has. For p o ly p e p tid e  ch a in  d isp la y  w ith  
o n ly  in te r -m a in c h a in  h y d ro g e n  b o n d s , th is  v a r ia b le  is se t to  2  fo r all 
a lp h a -c a rb o n  se g m e n ts . For s id e c h a in  h y d ro g e n  b o n d  d is p la y s ,  th is  
v a r ia b le  is a l te re d  to  3 fo r th o se  a lp h a -c a rb o n s  in v o lv e d  in  s id e  ch a in  
b o n d in g . A ll h y d ro g e n  b o n d  en tries  h av e  a l ink  fie ld  se t to  2 .
5 • 4 • 3 • 2 Attribute Information
t h i c k n e s s
T h e  t h i c k n e s s  f ie ld  is a n  in te g e r  v a r ia b le  re fe r r in g  to  th e  b ru s h  
th ick n ess  th a t d ra w s  line-segm ents. F ive d iffe ren t th ick n esses  o f c ircu la r 
b ru sh e s  a re  im p le m e n te d  a lth o u g h  m o re  can  b e  a d d e d . T h e  t h i c k n e s s
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v a ria b le  is th e  sam e fo r all a lp h a -ca rb o n  segm en ts .
G en e ra lly , all h y d ro g e n  b o n d s  h a v e  th e  sam e thickness .  E xcep tion  
is m a d e  fo r th o se  in te r-m a in c h a in  h y d ro g e n  b o n d s  in v o lv e d  in  'd o u b le  
b o n d in g ' w h e re  b o th  C O  a n d  N H  g ro u p s  o f a p a ir  o f a m in o  ac id s  a re  
b o n d e d , a n d  to  th e  s id ech a in  — m a in ch a in  ones w h e re  s id e  ch a in  b o n d s  
to  a  m a in  ch a in  a to m  of th e  sam e res id u e ; d isu lp h id e  b o n d s  a re  p a r t  of 
th is  c a te g o ry  too . T he v a lu e  of th ic kness  fo r th o se  h y d ro g e n  b o n d s  is 
in c re m e n te d  b y  1  co m p ared  to th e  o th e r h y d ro g e n  b o nds.
c o l o u r
T he colour  fie ld  specifies the  co lour an d  sh a d e  o f lin e  seg m en ts . A  
ra n g e  o f 8  g ray  in ten s ity  levels g ives a reaso n ab le  in d ica tio n  of d e p th  a n d  
a re  a llo ca ted  to  a lp h a -ca rb o n  segm en ts . N o te  th a t ch o o sin g  a re d , g reen  
o r  b lu e  co lo u r g ives a m ax im u m  of 3 in ten s ity  levels fo r e ith e r  co lo u r, as 
th e  ac tu a l v id e o  o u tp u t  of th e  C G I h as  o n ly  a 6 -b it o u tp u t . C o lo u r fo r 
a lp h a -c a rb o n  s e g m e n ts  is a llo c a te d  a c c o rd in g  to  d e p th  w ith  n e a re r  
seg m en ts  a p p e a r in g  in  a b rig h te r  co lour th a n  m o re  d is ta n t ones. C o lo u rs  
a re  r e fe r re d  to  b y  n am es. C h a in  se g m e n t c o lo u r  is r e fe r re d  to  as
C H A I N ( x )  w h e re  x ,  a rea l n u m b e r  ( 0 < x  < 1), sp ec ifie s  th e  c h a in
se g m e n t d e p th  in  re la tio n  to  th e  ra n g e  of chain  d e p th s  of the  m o lecu le  in
q u estio n . T he fo rm u la  is as follow s:
x  _ Kz-max) - (z-depth)l 
range
N o tic e  th a t co o rd in a tes  are  w ith  resp ec t to  a r ig h t-h a n d e d  c o o rd in a te  
system . F or ex am p le , w ith  th is fo rm u la  a n d  the  w a y  g rey -sca le  in te n s ity  
le v e ls  a re  s p e c if ie d  in  th e  lo o k u p  ta b le  (see  C O L O U R  s e c tio n  in
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a p p e n d ix  3), th e  c lo ses t ch a in  se g m e n t to  th e  v ie w e r  is a llo c a te d  th e  
b r ig h te s t in ten s ity  (e.g. C H A IN (l)).
A n o th e r  p o in t w o rth  m e n tio n in g  is th a t, it is im p o r ta n t n o t to  u se  a 
le f t-h a n d e d  c o o rd in a te  sy stem  as a lpha-helices, fo r ex am p le , w h ich  in  th e  
b io c h e m is try  l i te r a tu re  a re  a lw a y s  r ig h t-h a n d e d  w o u ld  b e c o m e  le ft- 
h a n d e d .
A ll h y d ro g e n  b o n d s  are  co lour coded  b u t co lours in d ica te  th e  ty p e  of 
b o n d  ra th e r  th a n  d ep th . A  v a rie ty  o f d iffe ren t n am e  co lo u rs  is u se d  (e.g. 
Y ELLOW , G REEN , etc...) ra th e r  th a n  d iffe re n t sh ad es  o f th e  sam e  co lo u r 
(e.g. C H A EM (x)).
t y p e
T he t y p e  f ie ld  is a n  in te g e r  v a ria b le , re fe r re d  to  by  n a m e , w h ic h  
in d ic a te s  th e  lin e  s e g m e n t ty p e  (e ith e r A L P H A _ C H A IN  se g m e n t o r a 
v a r ie ty  of h y d ro g e n  b o n d  types). A ll h y d ro g e n  b o n d  ty p e s  a re  lis te d  in  
F ig u re  5 - 3 .  E very  tim e th e  d ra w in g  p rocess s ta rts , lay ers  1 a n d  2 of th is  
f ie ld  a re  ch ec k ed  in  o rd e r  to  b e  ab le  to  d isp la y  e ith e r  in te r -m a in c h a in  
h y d ro g e n  b o n d s  o r b o n d s  in v o lv ed  in  s ide  chains.
o f f s e t
T h e  of fse t  f ie ld  is a rea l v a ria b le  th a t in d ic a te s  a n  o ffse t in  th e  z- 
d irec tio n  for th e  line  segm en ts  d raw n . It on ly  affects h y d ro g e n  b o n d s . Its 
p u rp o s e  is to  a v o id  c lu tte r w h en  d isp la y in g  a lp h a -h e lices  as th e y  co n ta in  
m a n y  h y d ro g e n  b o n d s  a n d  chain  seg m en ts . T he v a lu e  o f th e  o ffse t is 
fixed a t 4.0 A  (e.g. re fe rred  to  by  the  n am e  OFFSET_HB).
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5 • 4 • 3 • 3 D e p th  S o rtin g  an d  M a n ip u la tio n
F or d e p th  so rtin g  of line seg m en ts  fo r the  p o ly p e p tid e  chain , a tab le  
polypep t ide_dep th[  ] is c rea ted , w h e re  each  e n try , D E PT H , h as  th e  d a ta  
s tru c tu re  sh o w n  in  F igu re  5 • 14.
le n g th  ta g _ d e p th  z d e p t h  p t_ lin e
3 .6 5 LINE
FIGURE 5 • 14 D ata S tru c tu re  of D EPTH  R ecord
T h e  ta b le  is  a l lo c a te d  th e  s u m  o f T o l_ N u m _ A lp h a  a n d  
T o l_ N u m _ H b o n d  as s to ra g e . E ach  D E P T H  e n try  is l in k e d  to  its  
a p p r o p r ia te  L IN E s tru c tu re  in  p o l y p e p t id e _ l in e [  ] th ro u g h  th e  p t _ l i n e  
field . T he z_ d e p th  fie ld  reco rd s  th e  d e p th  o f lin e -seg m en ts ; it  in v o lv es  
fe tc h in g  th e  c o rre sp o n d in g  z -co o rd in a te (s) , a n d  an  o ffse t if a p p ro p r ia te . 
N o te  th a t d e p th  of a h y d ro g e n  b o n d  is ta k en  as its m id p o in t a d d e d  to  the  
4A  offse t. T h u s  tw o  z -co o rd in a te s  a re  fe tch ed , o n e  fro m  s ta r t  a n d  th e  
o th e r  f ro m  c o n n e c t lO ] .  The t a g _ d e p t h  a n d  l e n g t h  f ie ld s  a re  ig n o re d  
a n d  a re  u se d  o n ly  for d ia g ra m m a tic  rep resen ta tio n s . F ig u re  5 - 1 5  sh o w s 
th e  o v e ra ll s tru c tu re  for th e  p o ly p e p tid e  chain  m o d e l b efo re  d e p th  so rtin g  
h as  b e e n  p e rfo rm e d .
In  o rd e r  to  d isp la y  th e  p ic tu re , polypep t ide_dep th[  ] is d e p th -s o r te d  
th ro u g h  its  z _ d e p t h  fie ld . A n  in se r tio n  so r t seem s a d e q u a te  in  th is  
s itu a tio n  b eca u se  few  elem en ts  hav e  to  b e  sw itch ed  a t each  s tag e  s ince th e  
ch an g e  a fte r a u n it  of ro ta tio n  is qu ite  sm all [COOK 80].
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FIGURE 5 • 15 O v era ll S tru c tu re  of th e  P o ly p e p tid e  C h a in  M o d el B efore 
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S w itch in g  b e tw ee n  d isp lay s  of in te r-m a in ch a in  h y d ro g e n  b o n d s  a n d  
o f s id e c h a in  b o n d s , re q u ire  o n e  to  u p d a te  a p p ro p r ia te ly  th e  l ink  fie ld  of 
c h a in  se g m e n ts  (a v a lu e  of 3 to  in c lu d e  tag s, a n d  2 o th e rw ise ) . A fte r 
w h ic h , th e  d ra w in g  p ro c e d u re  is in i tia te d  in  p o l y p e p t id e _ d e p th [  J fro m  
to p  to  b o tto m , w ith  th e  fu r th e r  lin e  se g m e n t b e in g  d ra w n  firs t in  th is  
r ig h t-h a n d e d  c o o rd in a te  sy stem . N o te  th a t in  th is  p ro c e d u re , th e  t y p e  
fie ld  is a lw ay s  checked  for ev e ry  e lem en t in  o rd e r  to  b e  ab le  to  d isp la y  
e ith e r  ty p e  of bo n d .
F or th e  d isp la y  of frag m e n ts  o f th e  cha in  o n ly , po lyp e p t id e _ d e p th [  ] 
is re - in itia liz ed  w ith  th e  a p p ro p ria te  d a ta . T h a t is to  say , all in fo rm a tio n  
in  p o l y p e p t i d e _ d e p t h [  ] is d e s tro y e d  a n d  a n e w  l in k in g  p ro c e s s  is 
p e r fo rm e d  fro m  p t _ l i n e  to  all th ree  layers  in  p o l y p e p t id e _ l in e [  ] so  th a t 
b o th  th e ir  s t a r t  a n d  c o n n e c t [0]  f ie ld s  re fe r  to  re s id u e s  in  th e  c h o sen  
f ra g m e n ts .
M a n ip u la tio n  o f th e  m o d e l is p e rfo rm e d  b y  f irs t u p d a t in g  alpha[ ] 
a n d  tag[ ] a cc o rd in g ly . N o te  th a t if o n ly  fra g m e n ts  o f th e  c h a in  a re  
d is p la y e d , o n ly  c o o rd in a te s  in  th e ir  c o r re sp o n d in g  p o r t io n  in  a lpha[  ] 
a n d  tag[ ] a re  tra n s fo rm e d . A  p ro c e d u re , d e sc r ib e d  in  se c tio n  5 • 5, 
e n su re s  o n e  th a t no  o v e rlap s  ex ist b e tw een  th ese  p o rtio n s.
A  4 x 4  c o n c a te n a te d  t r a n s fo rm a t io n  m a tr ix ,  T ra n s f_ U p d a te ,  
re c o rd in g  all tra n s fo rm a tio n  o p e ra tio n s  d o n e  to  th e  o rig in a l p o ly p e p tid e  
cha in , is th e n  u p d a te d . G o ing  from  th e  d isp la y  of p o r tio n s  o f th e  ch a in  
to  th e  w h o le  ch a in  is d o n e  by  re -in itia tin g  b o th  alpha[ ] a n d  tag[ ] a n d  
th e n  a p p ly in g  a tran sfo rm a tio n  u s in g  T ransf_U pdate . T his m a trix  is a lso  
n e e d e d  fo r a to m ic  d e ta il p ic tu re s  to  d isp la y  th e m  in itia lly  in  th e  r ig h t 
o r ie n ta tio n . T he polypep t ide_dep th[  ] tab le  is th e n  d e p th -s o r te d  a n d  th e  
n e w  d e p th s  fo r lin e  seg m en ts  a re  fe tch ed . F ig u re  5 - 1 6  sh o w s  th e
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p ro c e d u re , a fte r  p e rfo rm in g  the  d e p th -so r tin g  p rocess. It h as  th e  sam e 
o v e ra ll s tru c tu re  as of F ig u re  5 - 1 5 .  To in d ica te  d e p th  cu e in g  fo r a lp h a - 
c a r b o n  s e g m e n t s ,  th e i r  c o l o u r  e n try  in  p o l y p e p t i d e _ l i n e [  ] is 
m o d if ie d  a c c o rd in g  to  th e ir  n e w  d e p th . N o te  th a t  d e p th  s o r tin g  a n d  
d e p th  c u e in g  ch an g e s  a re  n o t re q u ire d  if th e  m o d e l is ju s t  sc a le d  o r 
tra n s la te d .
5 * 4 * 4  Atom ic Detail Data Structure D esign
W h e n  a to m ic  d e ta ils  of a s e g m e n t o f th e  p o ly p e p t id e  c h a in  a re  
ch o sen  to  b e  d isp la y e d , a tab le , detail[  ], s to res  a co p y  o f th e  p o r tio n  of 
c h a i n l  ] th a t  c o rre sp o n d s  to  th is  seg m en t. detai l[  ] u n d e rg o e s  in i tia l  
ch an g e s  d u e  to  p o s itio n in g  (to fit th e  w in d o w  d isp la y ) a n d  o r ie n ta tio n  
(u s in g  th e  m a tr ix  T ran sf_ U p d ate  so th a t a tom ic  d e ta il seg m en ts  a re  in  th e  
r ig h t o rien ta tio n ). A  s to rag e  space  of 140 A T O M -stru c tu re  is a llo ca ted  to  
th is  tab le , a llo w in g  a m ax im u m  of 1 0  re s id u es  to  b e  d isp la y e d  ( try p to p h a n  
is th e  'lo n g es t' w ith  10 s id e  chain  atom s). M ore  re s id u e s  w o u ld  c lu tte r  
th e  d isp lay .
T h e  d e t a i l_ l i n e [  ] tab le , s im ila r  to  its  'p a re n t ' p o l y p e p t i d e _ l i n e [  ], 
s to res  all th e  g eo m etric  a n d  a ttr ib u te  in fo rm a tio n  of th e  lin e  seg m en ts  to 
b e  d ra w n . T he size  a llo ca ted  to  detai l_l ine[  ] is fo u r tim es  h ig h e r  th a n  
th e  o n e  o f detail[  ] to  s u it  a n y  a to m ic  d e ta il  f ra g m e n t.  T h e  sa m e  
in fo rm a tio n  filin g  is u sed : a to m  in fo rm a tio n  is s to re d  firs t, fo llo w e d  by  
in te r -m a in c h a in  a n d  s id e c h a in  h y d ro g e n  b o n d  in fo rm a tio n . T h e  start  
a n d  th e  re le v a n t  c o n n e c t  s u b -f ie ld s  p o in t  to  A T O M  s t r u c tu r e s  in  
detail[ ]•
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a l p h a [  ]
tagl  1
p o l y p e p t i d e  d e p t h l  ] p o l y p e p t i d e  _ l i n e [  ]
FIGU RE 5 - 1 6  O v era ll S tru c tu re  of th e  P o ly p e p tid e  C h a in  M o d e l A fte r 





In te rn a l S tru c tu re
5  . 4  . 4  . 1  G eo m etric  In fo rm a tio n
For in fo rm a tio n  a b o u t a to m  g eo m etry , th e  start  p o in te r  re fe rs  to  the  
c e n te r  a to m  w h e re  a to m  co n n ec tio n s  a re  to  be  m a d e  w h ile  th e  c o n n e c t  
su b -f ie ld s  p o in t  to  th e se  c o n n e c tin g  a to m s s ta r t in g  w ith  m a in  ch a in  
a to m s. T he re a so n  is th a t tw o  'critical' a to m s, C a  a n d  o cca s io n a lly  N , 
b in d  to  s id e  chain  a to m s a n d  the  d isp la y  of b ack b o n e  chain  a to m s a lo n e  
w ill b e  eas ily  c a rr ie d  o u t w ith o u t fu r th e r  search . C a re  s h o u ld  a lso  be  
ta k e n  fo r th e  C a n d  N  a to m s on  th e  m a in  ch a in  in v o lv e d  in  p e p t id e  
b o n d s .
T h e  fie ld  l ink  in d ica te s , as befo re , th e  ac tu a l n u m b e r  o f co n n ec to rs . 
D e p e n d in g  o n  w h e th e r  all a tom s c o n s titu tin g  th e  p o r tio n  o f th e  ch a in  o r 
th e  o n es  fo rm in g  th e  b ack b o n e  of th a t p o rtio n  of th e  ch a in  a re  v ie w e d , 
th e  l ink  v a ria b le  is u p d a te d  fo r th e  'critical' a tom s.
H y d ro g e n  b o n d  g eom etric  in fo rm a tio n  u ses , as befo re , th e  start  fie ld  
a n d  o n ly  th e  f irs t su b -fie ld  of co n n e c t  to  p o in t to  th e  tw o  a p p ro p r ia te  
a to m s  in  de ta i l l  ] in v o lv e d  in  b o n d in g . In  o rd e r  to  g e t la y e r  2 a n d  3 
re fe re n c e  p o in te r s ,  h b o n d [  ] is s c a n n e d  th ro u g h  its  v i r t _ a m i n o _ n u m  
a n d  at_ref  su b -en trie s . A ll th e ir l ink  fields a re  se t to  2.
5  . 4 . 4 . 2  A ttr ib u te  In fo rm a tio n
T he th ic kness  f ie ld s a re  a llo ca ted  a v a lu e  w h ich  m a p s  th e  w a y  lin e  
seg m en ts  a re  d ra w n  (see section  4*6) .
F o u r d if fe re n t co lo u rs , w ith  a ra n g e  of 3 in te n s ity  lev e ls  each , a re  
a llo c a te d  to  th e  m a in  ch a in  ca rb o n  a to m s, s id e  c h a in  c a rb o n  a to m s ,
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o x y g en  a to m s a n d  n itro g e n  a tom s. T he colour  fie ld , w h ic h  h o ld s  th ese  
s h a d e s ,  re fe r  to  th e m  b y  n a m e  re s p e c tiv e ly  as M A IN  C A R B O N (x), 
S ID E C A R B O N (x ), OXYGEN(x) a n d  N ITR O G E N (x) (for fu r th e r  d e ta ils  on  
h o w  th e se  in te n s ity  sh a d e s  are  spec ified  in  th e  lo o k u p  tab le , see sec tion  
C O L O U R  in  a p p e n d ix  3). T he v a ria b le  x, as befo re , v a rie s  a c c o rd in g  to 
th e  d e p th .
A ll a to m s to  b e  d ra w n  h av e  a type  f ie ld  a tta c h e d  to  th e m  d e p e n d in g  
o n  th e ir  a to m ic  ty p e . C a rb o n s  in  m a in  ch a in s  a n d  in  s id e  ch a in s  a re  
d is tin g u ish e d . T he h y d ro g e n  b o n d  type  fie lds are  lis ted  in  F ig u re  5 • 3.
T he o ffse t fie ld  is d is re g a rd e d  th ro u g h o u t as no  offset is a d d e d  to the  
lines re p re se n tin g  h y d ro g e n  bonds.
5 • 4 • 4 • 3 D epth Sorting and M anipulation
A  d e p th -s o r tin g  tab le , detai l_l ine[  ], s im ila r to  its 'p a re n t ' is c re a te d  
a n d  th e  s a m e  p ro c e s s  as th e  o n e  u s e d  fo r  p o ly p e p t id e  c h a in  
r e p re s e n ta t io n s  is a p p l ie d . M a n ip u la tio n  o f th e  p ic tu r e  in v o lv e s  
c o o rd in a te  tra n s fo rm a tio n s  of all a to m s in  detai ll  ].
5 * 4 * 5  Diagrammatic V iew  Data Structure D esign
C o n c e rn in g  th e  d ia g ra m m a tic  v ie w  o f th e  p ro te in  u n d e r  s tu d y , a 
ta b le  d i a g r a m [  ] s im ila r  to  a l p h a l  ], is c re a te d  b u t  w ith  all its  c o o r d  
e n tr ie s  a l te re d , to  a llo w  re p re se n ta tio n  of th e  m a in  c h a in  as h o riz o n ta l 
lin e s  o f b o x es . W h ile  th e  c o o r d . x  a n d  c o o r d . y  s u b - f ie ld s  v a ry ,  
d e p e n d in g  o n  th e  p o s it io n  o f th e  'b o x es ', a ll c o o r d .z s u b - f ie ld s  a re
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ig n o re d  as n o  d e p th  is co nsidered . T w o rea l v ariab les  X Box a n d  Y B o x  
a re  a lso  d e fin e d  in  o rd e r  to re p re se n t the  w id th  a n d  h ig h t of a box. S ince 
in itia lly  th e  w h o le  ch a in  is d isp la y e d  on  th e  screen , X Box h as  an  in itia l 
v a lu e  e q u a l  1 (e .g . th e  r a t io  o f th e  w in d o w  w id th ,  f ix e d  to  
T o l_ N u m _ A lp h a , b y  th e  to ta l n u m b e r  of re s id u e s  d isp la y e d  in  th e  ro w , 
T o l_ N u m _ A lp h a ). Y Box is co n tro lle d  by  th e  h e ig h t o f th e  c h a ra c te r  
d isp la y e d  as a re s id u e  label in s id e  the  box.
A ll g eo m e tric  a n d  a t tr ib u te  in fo rm a tio n  of th e  lin e -se g m e n ts  to  b e  
d r a w n  is s to re d  in  th e  ta b le  d i a g r a m _ l i n e [  ], s im ila r  in  s t r u c tu re  to  
p o l y p e p t i d e _ l i n e [  ]. S ince  o n ly  h y d ro g e n  b o n d  l in e - s e g m e n ts  
a r e  d i s p la y e d ,  th e  s p a c e  a l lo c a te d  to  th is  ta b le  is  e q u a l  to  
T o l_ N u m _ H b o n d .
d iagram _ l ine [  ] h a s  tw o  lay ers  c o rre sp o n d in g  to  th e  2 ca teg o rie s  of 
h y d ro g e n  b o n d s . T he start  field  an d  th e  firs t connec t  su b -fie ld  o f e v e ry  
e n try  o f d i a g r a m _ l i n e [  ] p o in t  to  th e  tw o  a p p r o p r ia te  r e s id u e s  in  
d ia g ra m [ ] in v o lv e d  in  b o n d in g .
To g e t b o n d s  in v o lv ed  in  h y d ro g e n  b o n d in g  (e.g. th e  tw o  re fe ren c e  
p o in te rs  to  d i a g r a m [  ]), a t y p e  check  is m a d e  fo r e v e ry  H B O N D  e n try  
d u r in g  th e  sc a n n in g  p ro cess  th ro u g h  hbond[ J. This c o n tro l is n e e d e d  to  
re c o rd  th e  'seq u en ce  d iffe ren ce ' (d is ta n ce  a p a r t  in  se q u e n c e  o f th e  tw o  
re s id u e s  jo in ed ) o f ev e ry  firs t 'p a ra lle l' b o n d  o f a n y  la d d e r  e n c o u n te re d . 
T he  in fo rm a tio n  is s to re d  in  an  v ec to r tab le , S tra n d _ W id th , h a v in g  th e  
s ize  o f th e  m a x im u m  n u m b e r of la d d e rs  a llow ed(e .g . 20). T he  ta b le  also  
re c o rd s  th e  n u m b e r  of 'p ara lle l' b o n d s  in v o lv ed  in  each  la d d e r . A ll th is  
in fo rm a tio n  is n e e d e d  to  d ra w  th e  lo n g  re c ta n g u la r  boxes th a t  p o r tra y  
la d d ers .
A t t r ib u te  in fo rm a tio n  fo r  d i a g r a m j i n e l  ] is  id e n tic a l to  th a t
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a llo c a te d  to  p o ly p e p t id e _ l in e [  ], excep t fo r th e  offset  fie ld . S ince in te r-  
m a in c h a in  h y d ro g e n  b o n d s  are  d ra w n  a t o n e  sid e  o r th e  o th e r o f boxes to 
re p re se n t N H  or C O  g ro u p s  (except for 'd o u b le  b o n d s ' w h ich  a re  d ra w n  in  
th e  m id d le ) , th e  offset  fie ld  is u sed  to  re p re se n t th is  sm all sh ift fro m  th e  
cen te r of th e  box. This sh ift is m e a su re d  w ith  re sp ec t to  th e  X_Box w id th  
of a box. T he le ft-h an d  s id e  of a box co rre sp o n d s  to  th e  N H  p a r t  w h ile  
th e  r ig h t-h a n d  s id e  co rresp o n d s  to  th e  CO  part.
F or a h y d ro g e n  b o n d  w ith  a N H -> C O  g ro u p  co n n ec tio n , th e  offset  
is fixed  to  O FFSET _N H  (e.g. re fe ren ce  b y  n am e  to  - 1 / 4 ) ;  fo r a C O -> N H  
c o n n e c tio n  it is O FFSET _C O  (e.g. 1 / 4 )  a n d  fo r 'd o u b le  b o n d s ' it  is 
O FFSET_N IL (e.g. 0.0) A ll b o n d s  in  lay er 3 are  a llo ca ted  OFFSET N IL  in  
th e ir  offset  f ie ld  as no  sh ift is req u ire d . N o te  also  th a t th e  offset  f ie ld  of 
a n y  'p a r a l le l ' b o n d  is se t e i th e r  to  O F F S E T _N H  o r  O FF S E T _C O  
d e p e n d in g  o n  its  C at  e n try  in  hbond[  ] (e.g. 4N O  => O FF S E T _N H  a n d  
4 0 N  => OFFSET_CO).
T o d is p la y  d ia g ra m m a tic  v ie w s , o n e  m o re  ta b le  is c re a te d :  
d i a g r a m _ d e p t h [  ], s im ila r  in  s tru c tu re  to  th e  p o l y p e p t i d e _ d e p t h [  ] tab le . 
In  th is  ta b le , d e p th  so r tin g  of b o n d s  is p e rfo rm e d  m a in ly  a c c o rd in g  to  
th e ir  's e q u e n c e  d iffe ren ce ', u s in g  th e  l eng th  f ie ld  in tro d u c e d  in  sec tio n  
5 • 4 • 3 • 3. H o w e v e r, since d iffe ren t te ch n iq u es  a re  u se d  fo r e ith e r  in te r-  
m a in c h a in  h y d ro g e n  b o n d s  (ca teg o ry  1) o r  b o n d s  in v o lv in g  s id e  ch a in s  
(ca teg o ry  2), diagram_depth[  ] is rep laced  b y  sp littin g  it in to  tw o  d iffe re n t 
tab les : d i a g r a m _ m a i n _ d e p t h [  ] (w ith  th e  s ize  o f T o l_ N u m _ M H b o n d )  
a n d  d i a g r a m _ s i d e _ d e p t h [  ] (w ith  a s iz e  e q u a l  to  th e  s u m  o f
T o l_ N u m _ S M H b o n d  a n d  T o l_ N u m _ S S H b o n d ).
L in k a g e  fro m  d i a g r a m _ m a i n _ d e p t h [  ] (d i a g r a m _ s i d e _ d e p t h [  ]) to  
d iagram _l ine[  ] la y e r 2 ( lay er 3) is p e rfo rm e d  a p p ro p r ia te ly  th ro u g h  th e  
p t j i n e  p o in te rs . L et us n o w  consider th e  tw o  cases sep a ra te ly .
152
Internal Structure
5 • 4 • 5 • 1 In te r -M a in c h a in  H y d ro g e n  B o n d s
F o r  th e s e  d i s p la y s ,  o n ly  th e  l e n g t h  a n d  z _ d e p t h  f ie ld s  o f  
d i a g r a m _ m a i n _ d e p t h [  ] a re  u se d . S ince h y d ro g e n  b o n d s  a re  to  b e  d r a w n  
in  d e p th  o r d e r  a c c o rd in g  to  th e ir  d is ta n c e  a p a r t  in  s e q u e n c e , th e  l e n g t h  
f ie ld  is u se d .
T h e  l e n g t h  f ie ld  d o e s  n o t  r e p re s e n t  th e  e x a c t 's e q u e n c e  d if fe re n c e ' 
fo r  a ll b o n d s . A  s lig h t m o d if ic a tio n  is p e r fo rm e d  o n  to  a ll 'p a ra lle l ' b o n d  
l e n g t h  in  o r d e r  to  p o r t r a y  la d d e r s  a s  r e c t a n g u la r  b o x e s  (a  m o re  
a p p r o p r i a t e  n a m e  fo r  th is  f ie ld  w o u ld  b e  v i r t u a l _ l e n g t h ) .  T h e  
a lg o r i th m  th a t  f o l lo w s  d e s c r ib e s  h o w  d i a g r a m _ m a i n _ d e p t h [  ] is  
r e s t ru c tu r e d  in  o rd e r  to  ea se  th e  re c ta n g u la r  r e p re s e n ta tio n  o f  la d d e rs .
A l g o r i t h m  5  • 2
W h e n  d i a g r a m _ m a i n _ d e p t h [  ] is  in i t ia l iz e d  a n d  th e  l in k in g  p ro c e s s  
b e tw e e n  i t  a n d  d i a g r a m _ l i n e [  ] s ta r ts ,  th e  l e n g t h  f ie ld  r e c o r d s  th e  
's e q u e n c e  d if fe re n c e ' o f a ll b o n d s  e x c e p t th a t  o f 'p a ra l le l ' b o n d s .  F o r  
th e s e  p a r t ic u la r  b o n d s , th e  a p p ro p r ia te  's e q u e n c e  d if fe re n c e ' in fo rm a tio n  
s to r e d  in  S tra n d _ W id th  is  a l lo c a te d  to  th e ir  l e n g t h  f ie ld . T h is  is  m a in ly  
d o n e  in  o rd e r  to  g a th e r , in  c o n tig u o u s  s to ra g e , a ll 'p a ra l le l ' b o n d  D E P T H  
e n tr ie s  b e lo n g in g  to  th e  sa m e  la d d e r ,  o n c e  th e  d e p th  s o r t in g  p ro c e s s  is 
f in is h e d .
W h e n  th e  l in k in g  p ro c e s s  b e tw e e n  d i a g r a m _ m a i n _ d e p t h [  ] a n d  
d i a g r a m _ l i n e [  ] is  t e r m i n a t e d ,  a  f i r s t  s o r t  is  p e r f o r m e d  to  
d i a g r a m _ m a i n _ d e p t h [  ] in  a sc e n d in g  o rd e r  w i th  r e s p e c t  to  l e n g t h .
N o w  th a t  b o n d s  a re  s o r te d , th e re  ex is ts  a  c h a n c e  th a t  in t r u d e r  b o n d s
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( e i th e r  M A IN _ M A IN _ P L U S B IG , M A IN _ M A IN _ M IN B IG  o r  e v e n  
'p a ra lle l' b o n d  types) a re  still 'in filtra ted ' b e tw e e n  b o n d s  b e lo n g in g  to  the  
sam e  p a ir  of s tra n d s . In  o rd e r  to g a th e r all D EPTH  e n trie s  in  co n tig u o u s  
s to ra g e  fo r  e v e ry  la d d e r ,  th e  z _ d e p t h  f ie ld  is u se d  to  p e rfo rm  a local 
d e p th  so r t fo r e v e ry  re g io n  w h e re  'p a ra lle l ' b o n d s  b e lo n g  to  th e  sam e  
la d d e r.
T h e  p ro c e ss  s ta r ts  b y  sc a n n in g  th e  d i a g r a m _ m a i n _ d e p t h [  ] ta b le  
fro m  to p  to  b o tto m . As soon  as a 'p a ra lle l' b o n d  is fo u n d , all in t ru d e r  
b o n d s  fo u n d  s itu a te d  b e tw ee n  it a n d  its 'fam ily ' s tra n d  b o n d s  a re  p u s h e d  
d o w n  th e  ta b le  w h ile  th e  fam ily  b o n d s  a re  m o v e d  u p . T he  se a rc h  
re su m e s  ju s t  a fte r th e  la s t fam ily  b o n d  e n try , a n d  th e  p ro c e ss  goes on  
u n til th e  lis t is ex h au s ted . The code for th is local s e a rc h /s o r t  te ch n iq u e  is 
l is te d  in  F ig u re  5 • 17.
A l g o r i t h m  5 • 3
B efore th e  d ra w in g  p ro cess  can  s ta rt, a final a d ju s tm e n t is m a d e  to  
th e  z j d e p t h  f ie ld s in  o rd e r  to  be  ab le  to  d isp la y  p ip e -lik e  h y d ro g e n  b o n d s  
w ith o u t  o v e r la p p in g  o n e  a n o th e r  h o riz o n ta lly . V ertica l o v e r la p s  a re  
m o s tly  a v o id e d  b y  d ra w in g  th e  lo n g e s t p ip e s  f irs t a n d  b y  m e a n s  o f th e  
tra m lin e s  a ro u n d  b o n d s.
T h e  te c h n iq u e  d e v is e d  u s e s  th e  z _ d e p t h  f ie ld  to  r e c o rd  th e  
h o r iz o n ta l  'le v e l' in  w h ic h  th e  c o r re s p o n d in g  lin e  is to  b e  d ra w n . 
A lg o rith m  5 • 3 en su re s  th a t the  sam e h o riz o n ta l leve l is n o t a llo ca ted  to  
b o n d s  w h e re  th e  re s id u e  seq u en ce  b e tw e e n  th e  tw o  c o n n e c tin g  a m in o  
ac id s  o f  o n e  o v e r la p  th e  re s id u e  seq u en ce  o f a n o th e r . A n o th e r  m o re  




/*******************Algorithm 5 # j**************/ 
/******************* * * /
# d e fin e  PARALLEL 80 /*  reference by name to first pair of strands, or ladder */
p a r tia l_ d e p th _ so r t(d e p th , n d ep th )
DEPTH ’d ep th ;
in t n d ep th ;
{
DEPTH *d, *m, *r;
in t n b e ta ; / ’ n u m b er o f  ’parallel' b o n d s b e lo n g in g  to  a p articu lar la d d e r  * /
in t n lo ca l; / *  n u m b er o f  b o n d s  lo ca lly  to  b e  s o r te d * /
f o r ( d  = d ep th ; d  -  d e p th  < n d ep th ;) {
if  (d-> pt_l ine->type  < PARALLEL) /* d o n 't  co n sid e r  if  n o t a ’p ara lle l’ b o n d  ’ /
d++;
e l s e  { •
d->  z_ de p t h  =  0.0; / *  force it to  0.0 as a 'parallel' b o n d  in tru d er in  an  o ld ... .* /  j
/ ’ ....local sort is  correctly  set for th is  n e w  o n e  * /  j
f o r (  m  = d  +  1; n b eta  = n loca l = 1; m->length ==d-> length;  m-M-, n loca l+ + ) { j
if  ( m->p t_ l ine->type  ==d->pt_ l ine -> type  ) { \
n b eta + + ; \
m - > z_ d e p t h  = 0.0; / *  lo w e s t v a lu e  to  'parallel' b o n d s  o f  sa m e  la d d e r * / |
1 , '  ! e l s e  f
m - > z _ d e p t h  = 1.0; / ’h ig h er  v a lu e  to  all in tru d ers * /  1
}
r = d ep th  +  (d  - d ep th ); /*  reference to  first 'parallel' b o n d  o f  la d d e r  * /  [
d ep th _ so r t_ s tra n d (r , n loca l); / *  start lo ca l in sertio n  sort * /  [







DEPTH temp, *m, *p;
for(p = dp; p -d p  < ndp; p++) { 
temp = *p;
for( m = p - 1; m >= dp && tem pz_depth  < m-> z depth;  m—) 
*(m + 1) = *m;
*(m + 1) = temp;
1
}
FIGURE 5 - 1 7  C o d e  of the  Local Sort for P arallel B onds B elonging  to  th e  
Sam e P air o f S tran d s  (A lgorithm  5 • 2 )
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b o n d s  a re  d is p la y e d  in  a less in fo rm a tiv e  w a y  as c o m p a re d  to  w ith  
A lg o rith m  5 • 3.
In  o rd e r  to  a p p ly  A lg o r ith m  5 • 3, a l in e a r  in te g e r  v e c to r  lis t  
c h a in e t t e [  ] is c re a te d , h a v in g  a s ize  o f tw ice  T o l_ N u m _ A lp h a . T he 
re a so n  fo r h a v in g  th is size is to  d iffe ren tia te  b e tw ee n  th e  le ft-h an d  s id e  of 
a box  (N H  g ro u p ) a n d  its r ig h t o n e  (CO  g ro u p ). C ases o ccu r w h e n  th e  
e n d -re s id u e  o f o n e  b o n d  (the  b o n d  b e in g  a C O -> N H  connec tion ) a n d  the  
s ta r t re s id u e  o f an o th e r b o n d  (the  b o n d  be in g  also  a C O -> N H  co n nec tion ) 
e m e rg e  fro m  th e  sam e am in o  acid , an d  co n seq u en tly , o n e  can  d ra w  b o th  
a t th e  sam e h o riz o n ta l level, as th ey  w o u ld  n o t overlap .
In itia lly , chainet te[  ] h as all its e lem en ts  se t to  ze ro  w h e re  each  o d d  
(even) e lem en t m a p s  to  its c o rre sp o n d in g  le ft-h an d  (r ig h t-h a n d ) s id e  box.
d i a g r a m _ m a i n _ d e p t h [  ] is p ro c e sse d  fro m  to p  to  b o tto m , s ta r t in g  
w ith  th e  f irs t e n try  (e.g. o n e  th a t h a s  th e  sh o r te s t b o n d  l e n g t h ) .  For 
e v e ry  e n try  o f d i a g r a m _ m a i n _ d e p t h [  J, th e  s ta r t  r e s id u e  a n d  th e  e n d  
re s id u e  o f a b o n d , as w ell as its  t ype ,  a re  fe tc h ed  fro m  d i a g r a m _ l i n e [  ]. 
T h e n , a l l  ( c o n t ig u o u s )  e le m e n ts  o f  c h a i n e t t e [  ] b e tw e e n  th e  
c o r re s p o n d in g  s ta r t  re s id u e  a n d  e n d  re s id u e  o f th e  b o n d  a re  ch eck ed  in  
o rd e r  fo r a level to  b e  a llocated  to th a t b o n d . T he h ig h e s t of th o se  vec to r 
e le m e n ts , in c re m e n te d  b y  on e , g ives th e  c o rre sp o n d in g  b o n d  lev e l (a n d  
th u s  z _ d e p t h )  a n d  all th e  v ec to r  e le m e n ts  b ra c k e te d  b y  th e  b o n d  in  
c h a in e tte [  ] a re  a lte re d  to  th e  sam e level v a lu e  b e fo re  th e  n e x t b o n d  is 
p ro cessed . T he code for A lg o rith m  5 • 3 is lis ted  in  F ig u re  5 • 18.
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# d e f i n e  A R R A Y (len g th ,typ e)  
# d e f i n e  O F F S E T N H  
# d e f i n e  O F F S E T _C O  
# d e f i n e  O F F SE T  N IL
•A lg o r ith m  5 • 3"
V
(ty p e  *) ca lloc (len gth , s ize o f(ty p e ) ) 
-0 .2 5  
0 2 5  
0.0
d ia g r a m _ m a in  a lg o r ith m (d e p th , n d ep th ,T o l_ N u m _ A lp h a )
/
D E P T H
in t
{
D E P T H
in t
L IN E
‘ d ep th ;
n d e p th , T o l_ N u m _ A lp h a ;
*d;
*x, *w, m a x im u m , *chainet te;  
*1;
chainette =  A R R A Y (2* T ol_N u m _A lp h a , int); 
f o r ( d  = d ep th ;  d  - d ep th  < ndepth; d + + ) {
I = d ->  p t_ l i ne ;
if  ( ( l ->  t y pe  = =  
II (1 -> t y p e  ==
II (1 - > t y p e  = =
I I (1 - > t y p e  - =
II ( l-> t ype  ==
II ( l->  t ype  = =
c o n t in u e  ;
D O U B L E B O N D D U M M Y O )  
D O U B L E B O N D D U M M Y l)  
D O U B L E B O N D D U M M Y 2 )  
D O U B L E B O N D D U M M Y 3 )  
D O U B L E B O N D D U M M Y 4 )  
D O U B L E B O N D  D U M M Y 5) )
7
/*  a llo ca te  d y n a m ic a lly  */
/*  ign ore a ll 'd u m m y  d o u b le  b o n d s '* / j
if (l-> offset == OFFSET NH) /*  NH->CO group * / !
x = chainette + (2 *(l->  start->amino_num - 2);/* refer to left-hand side of a box * / !
w = chainette + (2 * ( l-> connect[0]->amino jnum  - 1); /*  " right-hcind side of a box*/ j
1 '  I
e l s e  iff ( l-> offset = =  OFFSET_CO ) I I (1  ->offset ==  OFFSET N IL )) { / ‘include doublebds*/ j
x =  chainette +  ( 2  * (1  -> start->amino_num ) -  1); j
w  = chainette +  (2 * ( l->  connect[0]->amino_nuni)  - 2);
m a x im u m  = m a x _ le v e l  (x , w ) + 1; 
f  orO w  - x > =  0; x++)
*x - m a x im u m ;  
d -> z  d ep th  = (f lo a t)(m a xim u m );
}











m a x  - x;
f o r ( i  = x ;w -i> = 0 ;i+ -* -)  { 
if  (*i > m a $  
m ax = *i;
)
re tu rn  ( max  ) ;
)
FIGURE 5 -18 C o d e  for G enera ting  H y d ro g en  Bond Levels (A lg o rith m  5 • 3)
157
Internal Structure
N o w , w e are  a t a s tag e  to d ra w  the  p ic tu re , s ta r tin g  w ith  th e  last en try  
in  d ia g r a m _ m a i n _ d e p th [  ]. In  o rd e r  to  re p re se n t tra m lin e s , ju s t  b e fo re  a 
'p ip e -lik e ' re p re se n ta tio n  of a b o n d  is d ra w n  w ith  its a p p ro p r ia te  colour  
a n d  b ru s h  th ickness ,  th e  sam e p ip e  is d ra w n  in  th e  b a c k g ro u n d  co lo u r 
w ith  a th ic k e r  b ru s h . T he te c h n iq u e  fo r 'p a ra lle l ' b o n d s  is s lig h tly  
d iffe ren t. F irst, a re c ta n g u la r  box  is d ra w n  a t th e  cen te r o f th e  'p a ra lle l' 
b o n d s  in  th e  b a c k g ro u n d  co lou r u s in g  a th ick  b ru sh  (F igure 5 • 19 • a). T he 
rec tan g le  le n g th  an d  h e ig h t d e p e n d  on , respec tive ly , th e  le n g th  se p a ra tin g  
th e  p a ir  of s tra n d s  a n d  th e  n u m b e r of b o n d s  in v o lv ed  in  them . T hese  are  
d e te rm in e d  b y  ch eck in g  th e  m a trix  S tra n d _ W id th , p re v io u s ly  d e f in e d . 
T h e n  fo llo w s th e  d ra w in g  of 'p a ra lle l ' b o n d s  u s in g  th e  sam e  tra m lin e  
te c h n iq u e  as fo r th e  o th e r  p ip e  rep re sen ta tio n s . F low ever, th e  'p a ra lle l' 
b o n d s  a re  re p re s e n te d  as p ip e s  th a t a re  b ro k en  a t th e ir  c en te r, le av in g  a 
sp a c e  th a t  ju s t  fits  th e  re c ta n g u la r  box  (see F ig u re  5 • 19 • b  a n d  F ig u re  
5 • 19 • c). F inally , th e  rec tan g u la r box  is re d ra w n  in  its a p p ro p r ia te  co lou r 
(see F ig u re  5 • 19 • d). T his d ra w in g  seq u en ce  av o id s  in s e r t io n  o f an y  
n o tc h es  a ro u n d  the  rectang le .
Var ian t  to A lg o r i th m  5 • 3
A n  a lte rn a tiv e  a lg o rith m  th a t fo llo w s th e  sam e  ru le  (e.g. th e  sam e  
h o r iz o n ta l lev e l is n o t a llo ca ted  to  b o n d s  w h e re  th e  re s id u e  se q u e n c e  
b e tw e e n  th e  tw o  c o n n e c tin g  a m in o  ac id s  o f o n e  o v e r la p  th e  re s id u e  
seq u en ce  of an o th er) as th e  one ju st described , is n o w  su g g es ted .
H o w e v e r ,  it w a s  n o t a d o p te d  in  m y  m o d e l, d u e  m a in ly  to  tw o  
re a so n s . F irs t, it  is a tim e-co n su m in g  p ro c e d u re  c o m p a re d  to  th e  o n e  
a d o p te d ; seco n d ly , th e  d isp lay  of seco n d ary  fea tu res  su ch  as a lp h a-h e lices  
a re  n o t as in fo rm a tiv e  as those  u s in g  A lg o rith m  5 • 3.
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T~"rn r i i i i i i i i i i i i i m
a)
i r i ~i i i i i i i i i i i • i r~r
b)
c)
i i i i i i" i i i i i i r i-i  j j t j
d)
FIGURE 5 • 19 H o w  to D raw  T ram lines A ro u n d  a P a ir of S tran d s
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B o th  a lg o r i th m s  a l lo c a te  le v e ls  fo r  b o n d s  f ro m  th e  s o r te d  
d ia g r a m _ m a i n _ d e p th [  ] tab le  s ta r tin g  w ith  th e  sh o r te s t a n d  n e a re s t b o n d  
w ith  re sp e c t to  th e  N -te rm in u s . B ut w h ile  A lg o rith m  5 • 3 c o n s id e rs  a 
h ig h e r  lev e l a llo ca tio n  fo r a p a r tic u la r  b o n d , say  Bl,  w ith  re sp e c t to  all 
p r e v io u s ly  a l lo c a te d  b o n d s  in  th e  sa m e  o v e r la p p in g  re g io n ,  th is  
a lg o r i th m  c o n c e n tra te s  o n  lo ca lly  c o n s id e r in g  a ll o v e r la p p in g  b o n d s  
h a v in g  th e  sam e  'seq u en ce  d iffe ren ce ' as Bl,  a n d  a llo ca tin g  to  Bl  a level 
th a t  can  b e  e ith e r  h ig h e r o r lo w er th a n  its p re c e d in g  o n e  w ith  th e  sam e 
'se q u e n c e  d ifference ' a n d  in  th e  sam e o v e rla p p in g  reg io n . F ig u re  5 • 20 
i l lu s tra te s  h o w  each  a lg o rith m  tack les th e  p ro b le m  of d ra w in g  b o n d  Bl  
th a t b e lo n g s  to  an  a lpha-helix .
In  th e  v a r ia n t  a lg o rith m , th e  sam e  v ec to r cha ine t te [  ] (d e f in e d  as 
b e fo re ) is c re a te d  as w ell as a 'boo k in g ' list w h ich  is m a in ta in e d  fo r all 
b o n d s  h a v in g  th e  sam e 'sequence  d ifference '. To get su ch  a b o o k in g  list, 
b e a r in g  in  m in d  th a t  th e  d i a g r a m _ m a i n _ d e p t h [  ] lis t is a lre a d y  s o r te d  
a c c o rd in g  to  l e n g t h ,  p o in te rs  in to  th is  lis t  d e f in e  th e  b o o k in g  lis t of 
b o n d s  fo r a c u r re n t  's e q u e n c e  d iffe re n c e ’. A s w e  m o v e  to  th e  n e x t 
’se q u e n c e  d iffe ren ce ', th e  p o in te rs  a re  u p d a te d  to  d e fin e  a n e w  b o o k in g  
list.
In  th e  b o o k in g  lis t a n o th e r list is m a in ta in e d , ca lled  an  ac tiv e  list, of 
b o n d s  c u rre n tly  o v e rla p p in g  each  o th e r as th e  seq u en ce  is tra v e rse d  fro m  
th e  N -te rm in u s  to  th e  C -te rm in u s . In itia lly , th e  ac tiv e  lis t h a s  b o th  its 
p o in te r s  (a c t i v e _ s t a r t  a n d  a c t i v e _ e n d )  p o in t in g  to  th e  s ta r t  o f th e  
b o o k in g  list. S u p p o se  th a t, a t a p a rticu la r  m o m en t, th e  ac tiv e  lis t h a s  th e  
fo llo w in g  b o n d s : Bh, Bi, Bj  a n d  Bk.  As th e  n ex t b o n d  Bl  is c o n s id e re d  
(w ith  th e  sam e 'seq u en ce  d ifference’), th e  active  list is f irs t ch eck ed  to  see 
if all its  b o n d  e lem en ts  o v e rlap  w ith  B l  A ll th e  n o n -o v e r la p p in g  b o n d s  
a re  ta k e n  fro m  th e  ac tiv e  lis t one  a fte r th e  o th e r  a n d , s im u lta n e o u s ly ,
160
Internal Structure
th e ir  c o r re s p o n d in g  p o r tio n  in  ch a in e t t e l  J is u p d a te d ;  by  u p d a t in g , I 
m e a n  th e  a lte ra t io n  o f th e  c o n te n ts  of th o se  e le m e n ts  in  c h a i n e t t e l  ], 
b e tw e e n  th e  c o rre sp o n d in g  s ta r t a n d  e n d  re s id u e s  o f a n o n -o v e r la p p in g  
b o n d , to  th e  leve l v a lu e  of th e  b o n d  ju s t le av in g  th e  ac tiv e  list. N o tice  
th a t  e lig ib le  n o n -o v e r la p p in g  e le m e n ts  a re  c o n tig u o u s ly  a l lo c a te d  in  
d i a g r a m _ m a i n _ d e p t h [  ] a n d  th a t  th e  f ir s t  o n e  is  p o in te d  to  b y  
a c t i v e _ s t a r t .
O n ce  th e  e n tire  u p d a t in g  p ro cess  is p e rfo rm e d , a n d  sa y  Bh  is the  
o n ly  n o n -o v e rla p p in g  b o n d , the  u p d a te d  active  list becom es: {Bi , Bj, Bj-}.
To d e te rm in e  th e  leve l fo r Bl,  f irs t th e  m a x im u m  c o n te n t max  of 
th o se  e le m e n ts  in  chainettel ] b e tw e e n  th e  c o rre s p o n d in g  s ta r t  a n d  e n d  
re s id u e s  o f Bl  is o b ta in ed . T hen , max  is p u t  on  a te m p o ra ry  in te g e r  list, 
tempi ], to  be  so rted  in  ascen d in g  o rd e r  w ith  all th e  level v a lu es  a llo ca ted  
to  b o n d s  o f th e  u p d a te d  active list. N o te  h e re  th a t th e  level v a lu e  o f Bl  
s h o u ld  b e  h ig h e r  th a n  max  so  th a t  th is  b o n d  can  b e  d ra w n  w ith o u t  
c lu tte r in g  a n y  sh o rte r  ones in  th e  sam e reg ion .
T he  level o f Bl  is fo u n d  b y  c o m p a rin g  th e  d iffe re n c e  o f c o n te n ts  
b e tw e e n  tw o  su ccessiv e  en trie s  in  th e  so r te d  lis t tempi J s ta r t in g  a t th e  
lo c a tio n  o f max,  o n w a rd . As soon  as th e  firs t d ifference  g rea te r  th a n  1  is 
fo u n d  (say  b e tw e e n  templi]  a n d  tempi j]), Bl  is a llo c a te d  th e  v a lu e  of 
tempii]  in c re m e n te d  b y  1. O th e rw ise , Bl  is a llo ca ted  th e  h ig h e s t v a lu e  
of th e  tempi  J tab le  in c rem en ted  b y  1.
To il lu s tra te  th e  v a r ia n t a lg o rith m  a n d  b y  a lw ay s  re fe r r in g  to  th e  
le f t -h a n d  s id e  o f F ig u re  5 • 20, th e  ac tiv e  l is t  A ,  b e fo re  b o n d  Bl  is 
c o n s id e re d , lo o k s lik e  A  = [Bh, Bi, Bj, Bk} (see F ig u re  5 • 20 • a). W h en  
Bl  is c o n s id e re d  fo r e n try  to  th e  ac tive  lis t A ,  Bh  leav es  lis t A  s in ce  it 
d oes  n o t o v e rla p  w ith  Bl, an d  chainettel  ] is u p d a te d  acc o rd in g ly  (see th e
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area corresponding to the 
content of chainette[ ] -w
level 2 level 2
level 3 level 3
level 4 level 4B h
level 5 level 5
level 6 level 6
level 7 level 7
levelBk













Bh leaves the active list and the 
shaded area is altered accordingly




c) W hen B1 is a llocated  a level
V ariant o f A lgorith m  5 • 3 A lgor ith m  5 ■ 3
FIG U RE 5 • 20 S tra teg y  A d o p te d  b y  A lg o rith m  5 • 3 a n d  its  V a ria n t to  
A llocate  a  L evel for a H y d ro g en  Bond
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sh a d e d  reg io n  in  F ig u re  5 • 20 • b). To get a level for Bl,  all leve l v a lu es  
fo r th e  b o n d s  in  A  (e.g. 4, 5 a n d  6 ) a re  in s e r te d  in to  ta b le  t e m p i  J, 
to g e th e r  w ith  m a x  (e.g. 2 ). t em p i  ] looks like t e m p i  J = [2 , 4 , 5 , 6 ] a n d  is 
a lre a d y  so rted . T he firs t check b e tw een  th e  firs t e lem en t a n d  th e  seco n d  
(e.g. 4 - 2 > 1) is conclusive  an d  Bl is a llocated  level 3 (e.g. 2 + 1).
Comparison  between A lgor i thm  5  • 3 and its Var iant
T he m a in  d iffe rence  b e tw ee n  th e  s tra teg y  a d o p te d  b y  A lg o rith m  5 • 3 
a n d  its  v a r ia n t  is in  th e  w a y  th e  c h a i n e t t e l  ] ta b le  is u p d a te d .  In  
A lg o r ith m  5 • 3, c ha ine t te l  ] is u p d a te d  as so o n  as a b o n d  is a llo ca ted  a 
lev e l (see th e  r ig h t-h a n d  s id e  of F ig u re  5 • 20 • c), w h ile , in  th e  v a r ia n t  
a lg o r i th m , chaine t te l  ] is u p d a te d  o n ly  a fte r a b o n d  leav es  th e  ac tiv e  lis t 
(see  le f t-h a n d  s id e  o f F ig u re  5 • 20 • b), ev en  th o u g h  a lev e l is a lre a d y  
a llo ca ted  to  it.
S ince o v e rla p p in g  line  segm en ts  are  d ea lt w ith  d iffe re n tly  in  th e  tw o  
a lg o rith m s, th e  w a y  an  a lpha-helix  is d isp la y e d  m ig h t lo o k  d iffe ren t. The 
s a m e  a lp h a -h e lix  is sh o w n  in  F ig u re  5 • 21 • a, a p p ly in g  th e  v a r ia n t  
a lg o rith m , a n d  in  F ig u re  5 • 21 • b  w ith  A lg o rith m  5 • 3 a p p lie d . N o te  
h o w  a u n iq u e  la rg e  s ta ircase  is fo rm ed  u s in g  A lg o rith m  5 • 3. O n  th e  
o th e r  h a n d , sev e ra l sm all s ta ircases, fo llo w in g  each  o th e r, a re  d isp la y e d  
u s in g  th e  v a r ia n t  a lg o rith m , m a k in g  it  d if f ic u lt to  k n o w  if a ll b o n d s  
b e lo n g  to  th e  sam e  a lpha-helix .
A lso , fro m  th e  tw o  figu res, it is ev id en t th a t it is eas ie r to  n o tice  an y  
m iss in g  b o n d  w ith in  an  a lp h a  helix  fro m  F ig u re  5 • 21 • b  (sh o w n  as a 
b ro k e n  s ta ir) th a n  fro m  F igu re  5  • 2 1  • a. I t is q u ite  c lear th a t d isp la y  of 
s e c o n d a ry  s tru c tu re  fe a tu re s  su ch  as a lp h a -h e lic e s  u s in g  th e  v a r ia n t  
a lg o rith m  a re  n o t as in fo rm ativ e  as u s in g  A lg o rith m  5 • 3.
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u .  i ,  i i iL U ,  i
a) The m issing bond not detected with the variant of Algorithm 5 • 3
b) The missing bond detected with Algorithm 5 • 3
FIGURE 5 • 21 Display of an Alpha-Helix with One Bond M issing U sing  
Algorithm  5 • 3 and its Variant
164
Internal Structure
5 • 4 • 5 • 2 Sidechain — M ainchain Hydrogen Bond Structure
For the d isplay of sidechain — m ainchain hydrogen bonds, the 
d i a g r a m _ s i d e _ d e p t h [  ]  list has all its DEPTH entry fields used. The 
l e ng th  field records the exact 'sequence difference' of every bond, w hile  
the t a g _ d e p t h  and z _ d e p t h  fields record the two levels w here the two  
extremities of the bond should be drawn. By level, I mean the position  
of an end_point on its appropriate residue tag. For sidechain —  
m ainchain bonds, either the z _ d e p t h  field or the t a g _ d e p t h  field is set 
to zero (e.g. no tag required) to represent the main chain connector, w hile  
the other field  represents the tag length allocated to the side chain  
connector. N ote also that in case a side chain is hydrogen bonded to 
more than one other atom, the lines departing from the tag are drawn in 
a stacked manner to avoid superposition of line drawing. Consequently, 
an algorithm  (Algorithm 5 • 4) is devised that sets the value of both the 
z j d e p t h  and tag_dep th  field for every bond.
Before the algorithm  is applied, som e preprocessing is don e to 
d iagra m _ s id e _ d e p th [  ]  to avoid bond crossing each other. It is therefore 
m ainly done for aesthetic reasons. Preprocessing consists of depth  
sorting all bonds in descending order according to their length, and then 
sorting them again, but this time in ascending order according to their 
start residue. Figure 5 • 22 illustrates som e cases, applying A lgorithm  
5 • 4 , that show  w hy diagram _s ide_dep th[  ]  needs to be preprocessed in 
such a way. N ote that in Figure 5 • 22 • a, where 2 bonds (an inter- 
sidechain bond and a sidechain — mainchain bond) are of equal size and  
have the same residue connectors, the inter-sidechain bond is drawn first. 
Recalling from Chapter 3 that sidechain — m ainchain hydrogen bonds 
are listed before inter-sidechain bonds of the same 'sequence difference', 
the first depth sort takes care of these special cases.
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FIGURE 5 • 22 Comparison of Diagrams to Show the N eed  to A void  
H ydrogen Bonds Crossing Each Other
H ence, A lgorithm  5 • 4 starts by processing bonds from the N - 
term inus to the C-terminus starting w ith the longest one. As for the 
in ter-m ainchain  diagram s, the sam e c h a i n e t t e l  ]  table is created. 
H ow ever, its purpose is different: each odd(even) elem ent m aps, this 
tim e, its corresponding left-hand (right-hand) side tag. Thus a tag is 
referred to by either its right-hand side or its left-hand side depending on  
w hich  direction a bond departs from it. Initially, the content of 
chainet te l  ]  is set up in the following way: the tag[ I table (already defined  
in the polypeptide chain structure) is scanned and for every alpha-carbon 
encountered  (representing a residue w ith  sid e chain bon din g), its 
corresponding odd  and even elem ents in c h a in e t t e l  1 are allocated a 
value (see appendix 2 ) approximating the length of the side chains where 
connections are made.
d i a g r a m _ s i d e _ d e p t h [  ]  is then processed from top to bottom . For 
every bond, its start and end residue are considered in order to allocate to 
t a g _ d e p t h  and z _ d e p t h ,  respectively, their appropriate level. For a
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sidechain — m ainchain bond, a question arises as to whether the start 
residue is the side chain connector. The answer is given by fetching the 
bond type from the type  field in diagram_line[  ].
In case the start residue is a side connector, then its corresponding  
elem ent in chaine t te [  ]  (this should be an even elem ent as the direction  
of the bond is from the N-term inus to the C-terminus) is fetched and 
allocated to t a g j d e p t h . Then the content of this elem ent is decrem ented  
by one to allow other bonds to be drawn in a stacked manner. If the start 
residue is a main connector, then tag_depth  is allocated a value of zero.
The sam e process is performed to the z _ d e p th  field but through the 
end residue. The code for Algorithm 5 • 4 is listed in Figure 5 • 23.
5 • 4 • 5 • 3 Simultaneous Display of Two Proteins
Since the display of a second protein sequence is also allowed, so that 
it can be compared with the first, its tables are created the same w ay as the 
o n e s  for the cen tral pro te in  u n d er s tu d y . T h ese  tab les  
a re  d i a g r a m 2 [  ], d i a g r a m _ l i n e 2 [  ], d i a g r a m _ m a i n _ d e p t h 2 [  ]  and  
d ia g ra m _ s id e _ d e p th 2 [  ] .  There is a difference in the w ay space m em ory  
is allocated to them. W hile memory allocation for tables of the central 
protein is static, the second protein has its tables created in a dynam ic 
w ay. As a n ew  protein is chosen for sim ultaneous display w ith  the 
central one, a new  space in core memory is allocated to all of its tables, 
freeing the space used by the anterior one. All the techniques used to fill 




/*****************Algorithm 5 • 4******************/
#d e fin e  ARRAY(length,type) (type *) calloc(length, sizeof(type)) 
diagram_side_algorithm(depth, ndepth, Tol_Num_Alpha, tag,Tol_Num_Tag )
DEPTH *depth;




int *x,*w, * chainette;
LINE *1;
char get_symbol();
chainette = ARRAY(2Tol_Num_Alpha, int); /*  allocate dynamically * /
initialize_chainette( chainette, tag, Tol_Num_Tag) ;
f or(d = depth; d - depth < ndepth; d++) {
1 = d-> pt_line;  
switch G->type) {
c a s e  SIDE_SIDE_OTHER: 
c a s e  SIDE_SIDE_DISULPHIDE : 
x =chainette + ( 2 * (l-> start->amino_num ) - 1); /* refer to right-hand side of tag * / 
w= chainette + ( 2 * (l-> connectlO] ->amino_num ) - 2 ); /*  left-hand side of tag * / 
d-> z_depth  = (float)*x; 




c a s e  SIDE_MAIN_NH : 
c a s e  SIDE_MAIN_CO : 
x = chainette + ( 2 * (l-> start->amino_num ) - 1 ); 
d-> z_dep th  = (float) *x; 
d-> ta g jd e p th  = 0 .0;
*x-= 1; 
break ; 
c a s e  MAIN SIDE_NH : 
c a s e  MAIN_SlDE_CO :
w= chainette + (2 * (l-> connectlO] ->amino_num )-  2 );
d-> z_depth  = 0 .0;
d-> ta g jd e p th  = (float) *w;
*w -= 1; 
break ;
case SIDE MAIN_ZERONH : 
c a s e  SI DE M A1NZEROCO : 
c a s e  MAIN SIDE_ZERONH : 
c a s e  MAIN SIDE ZEROCO : 
d-> z_dep th  = /*  get approximated length of tag using appendix 2 va lu es* /




cfree (chainette ) ;
FIGURE 5 • 23 C ode for G enerating H ydrogen  Bond L evels in  
Sidechain — M ainchain Diagrams (Algorithm 5 • 4)
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5 . 4  . 5 . 4 P iecew ise Decom position
In  o r d e r  to  d i s p l a y  f r a g m e n t s  o f  th e  c h a in ( s ) ,  th e  
tw o  ( f o u r )  t a b l e s :  d i a g r a m _ m a i n _ d e p t h [  ], d i a g r a m _ s i d e _ d e p t h [  ], 
( d i a g r a m _ m a i n _ d e p t h 2 [  ], d i a g r a m _ s i d e _ d e p t h 2 [  ]) a re  re - in i tia liz e d  b y  
c o n s id e r in g  o n ly  th e  a p p ro p r ia te  b o n d  c a n d id a te s . L in k ag e  to  e ith e r  
d i a g r a m _ l i n e [  ] (d i a g r a m _ l i n e 2 [  ]) la y e r  2  o r  la y e r  3  is p e r fo rm e d  
a p p r o p r ia te ly  th r o u g h  th e  p t _ l i n e  p o in te rs . T h e  sa m e  te c h n iq u e s  
a p p lie d  in  section  5 • 4 • 5 • 1 a n d  section  5 • 4 • 5 • 2 are  su b se q u en tly  u sed .
5 • 5 PHASE 3 CONSIDERATIONS
P h ase  3 of th e  so ftw are  d ev e lo p m e n t consists  o f co n v e rtin g  re s id u e s  
a n d  a to m s to  w h ich  th e  u se r  p o in ts  on  the  screen , o r su p p lie s  as n u m b e rs  
th ro u g h  th e  k ey b o ard , in to  p o in te rs  in  th e  in te rn a l s tru c tu re . T h ere a fte r, 
a p p ro p r ia te  sy s tem  actions are  tak en  to  a lte r o r search  th e  c o rre sp o n d in g  
in te rn a l tab les.
In  o u r  m o d e l, th e  m o s t im p o r ta n t s u p p lie d  co m m a n d  fro m  th e  u se r 
is to  se lec t seg m en ts  (from  p o ly p e p tid e  chains o r d ia g ra m m a tic  v iew s) of 
th e  ch a in  to  be  d isp la y e d  w ith  all a p p ro p r ia te  h y d ro g e n  b o n d s  in v o lv e d  
in  th e  seg m en ts . T his invo lv es  rem o v in g  an y  h y d ro g e n  b o n d  th a t d o es  
n o t co n n ec t tw o  re s id u es  b e lo n g in g  to  one  of the  seg m en ts . T his im p lie s  
th a t  o n e  h a s  to  fin d  the  correct p o in te rs  to  th e  d iffe re n t tab les  a n d  a t the  
sam e  tim e  m ak e  su re  th a t these  p o in te rs  a re  valid .
In  o rd e r  to  e n su re  th a t no  tw o  se g m e n ts  a re  o v e r la p p in g , as th is  
w o u ld  b e  c a ta s tro p h ic , a lin ea r  b it v ec to r is c rea ted  h a v in g  th e  s ize  of 
T o l_ N u m _ A lp h a . Its b it con ten ts  a re  in itia lly  se t to  zero . O nce  th e  firs t
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e x tre m ity  (e.g. s ta r t  re s id u e )  o f a se g m e n t is se lec ted  b y  th e  u se r , its 
c o r re s p o n d in g  b it is checked . If it  is eq u a l to  1, th e n  th is  m e a n s  th a t a 
se g m e n t h a s  a lre a d y  b een  chosen  in  th is reg io n  a n d  th e  u se r  h as  to  m ak e  
a n o th e r  choice. If th e  co n ten t of th e  b it is 0, it is sw itc h e d  to  1 a n d  the  
o th e r  e x tre m ity  is p ro cessed . V a lid a tio n  o f th e  seco n d  e x tre m ity , a n d  
th e re fo re  o f th e  seg m en t, is m a d e  by  check ing  n o t on ly  its c o rre sp o n d in g  
b it  v a lu e  (e.g. e n d  seg m en t b it) b u t  all th e  b its  b e tw ee n  th e  s ta r t seg m en t 
b it a n d  th e  e n d  seg m en t bit. If it h a p p e n s  th a t one  of th e m  is se t to  1, the  
e n d  se g m e n t is in v a lid . O th e rw ise , it is v a lid  a n d  all b its  b e tw e e n  th e  
tw o  e n d  p o in ts  are  se t to  1 .
5 • 6 CONCLUSION
T he d a ta  s tru c tu re s  sh o w n  h a v e  b een  m a in ly  d e s ig n e d  a ro u n d  a 
c o m b in a tio n  o f t r a m lin e  te c h n iq u e s , w h ic h  a re  n e w  s tr a te g ie s  fo r 
in d ic a tin g  d e p th  a n d  th e  m a n ip u la t io n  o f th re e -d im e n s io n a l im a g e s . 
A  r e c u r s iv e  a lg o r i th m  (A lg o r ith m  5 • 1) h a s  b e e n  d e v e lo p e d  th a t  
d iffe re n tia te s  b e tw e e n  v a rio u s  so rts  of h y d ro g e n  b o n d  p a t te rn s  a n d  can  
se rv e  as a s ta r t in g  p o in t fo r n e w  w o rk e rs  in  th e  fie ld . T w o  s lig h tly  
d if fe re n t a lg o rith m s  h av e  b een  d e sc rib e d , o n e  fo r th e  in te r -m a in c h a in  
h y d ro g e n  b o n d s  (A lg o rith m  5 • 3) a n d  th e  o th e r  fo r th e  s id e c h a in  —  
m a in c h a in  o n es  (A lg o rith m  5 • 4), th a t  a llo w  th e  h y d ro g e n  b o n d s  to  be 
d r a w n  so th a t  th e y  can  b e  c lea rly  seen  a n d  c h a ra c te r is t ic  fe a tu re s  
p o r tra y e d . A  v a r ia n t to  A lg o rith m  5 • 3 w as  a lso  m e n tio n e d  b u t  n o t 
a d o p te d  b e c a u se  it is too  tim e-co n su m in g  a n d , a b o v e  all, th e  d isp la y  of 
s e c o n d a ry  fe a tu re s  su ch  as a lp h a -h e lices  u s in g  th is  a lg o ri th m  is n o t as 
in fo rm a tiv e  as th o se  w ith  A lg o rith m  5 • 3. T he  c o d in g  o f a ll ro u tin e s  
w a s  p e rfo rm e d  in  a m o d u la r  w ay  such  th a t it w as  n o t a too  d ifficu lt ta sk  
to  a lte r  o r  a d d  n e w  th in g s  as req u ired . F inally , th e  m a n ip u la tio n  of each  
im ag e  is fa s t e n o u g h  to  b e  a lm o st co m p le te  in  rea l tim e , w h ic h  is so m e
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in d ic a t io n  th a t  th e  d a ta  s t r u c tu re s  a n d  a s s o c ia te d  a lg o r i th m s  a re  
satisfacto ry .
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Chapter 6
E X P E R IM E N T  
W IT H  T H E  S Y S T E M
ft-1 INTRODUCTION
T he P H D  sy stem , d esc rib e d  in  th e  p re v io u s  th re e  c h a p te rs , is n o w  
te s te d  b y  ex am in in g  d o m a in  ho m o lo g y  for a p a r tic u la r  p ro te in  a n d  try in g  
to  g e t so m e  in s ig h ts  a b o u t th e  m y s te ry  of p ro te in  e v o lu tio n . W h e a t 
g e rm  a g g lu tin in  (3W G A) has b een  ch o sen  as th e  e x p e rim e n ta l ex am p le . 
T h is  p ro te in  h a s  tw o  id e n tica l s u b u n its ,  each  w ith  fo u r  4 3 -am in o  ac id  
d o m a in s . Its  th re e -d im e n s io n a l s tru c tu re  w a s  d e te rm in e d  b y  X -ray  
c ry s ta llo g ra p h y  a t h ig h  reso lu tio n  (1.8 A) by  W rig h t [W RIG H  87].
T h e  n e x t sec tio n  a n a ly se s  th e  re s u lts  o f th e  e x p e r im e n t ,  w h e re  
D r. M iln e r-W h ite  a n d  m y se lf c o llab o ra ted  in  th is  p ro te in  in v e s tig a tio n . 
In  th e  f in a l c o n c lu d in g  sec tio n , a s u g g e s tio n  is m a d e  to  a l te r  th e  
d e fin itio n  of seco n d a ry  stru c tu re .
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6  • 2 A N A LY SIS O F RESU LTS 
6 *2 * 1  S tru c tu re  o f D o m a in s
In  th e  p re se n t ex p erim en t, the  p r im a ry  concern  is a b o u t th e  s tru c tu re  
o f d o m a in s  w ith in  o n e  su b u n it. F ig u re  6  • 1 sh o w s a s in g le  s u b u n it  o f 
3W G A . T he m a in  chain  is sh o w n  as a sm o o th e d  a lp h a -c a rb o n  p lo t w ith  
an  a v e ra g in g  fac to r o f 5. T he fo ld in g  of each  of th e  fo u r d o m a in s  can  b e  
seen  eas ily  in  F ig u re  6  • 1 from  th e  co u rse  o f th e  m a in  ch a in , w h ic h  is 
d ra w n  w h ite  o r w ith  severa l sh ad es  o f g ray  (in ten sity  d e p th  cu e in g  effect). 
I t is e v id e n t th a t th e  fo u r  h o m o lo g o u s  d o m a in s  a re  a r ra n g e d  as a helix  
w h ic h  is an  u n u su a l a rran g em en t. T he in te r-m a in ch a in  h y d ro g e n  b o n d s  
are  d is p la y e d  as co lo u re d  lines jo in in g  th e  av e ra g e d  a lp h a -c a rb o n  atom s. 
T h e  co lo u rs  re p re s e n t th e  d is tan ce  a p a r t in  seq u en ce  o f th e  am in o  ac id s 
in v o lv e d  in  e a c h  b o n d ; y e llo w  o n e s  a re  fa r  a p a r t  (m o re  th a n  fiv e  
re s id u e s )  a n d  p u rp le  o n es , fo r ex am p le , a re  th re e  re s id u e s  a p a r t ,  as in  
b e ta - tu rn s . Fu ll d e ta ils  a re  g iven  in  th e  co lour key  d isp la y e d  a t the  to p  
r ig h t-h a n d  co rn e r of F ig u re  6*1 .  A lso , fro m  th is fig u re , th e  fo u r  h ig h ly  
h o m o lo g o u s  d o m a in s  can  b e  d e te c te d ; th e y  a re  re la tiv e ly  la c k in g  in  
se c o n d a ry  s tru c tu re  (a lp h a  helices a n d  b e ta  sheets).
F ig u re  6  • 2 sh o w s  th e  d ia g ra m m a tic  v ie w s of th e  in te r -m a in c h a in  
h y d ro g e n  b o n d s  w h e re  th e  sam e co lo u rin g  of b o n d s , as in  F ig u re  6  • 1, is 
u sed . E very  h y d ro g e n  b o n d  is clearly  seen  an d  is n o t o b sc u re d  b y  a to m s 
in  f ro n t o f it, as h a p p e n s  o cca sio n a lly  in  F ig u re  6 * 1 .  N o te  th a t  th e  
s e q u e n c e , g iv e n  as th e  s ta n d a r d  o n e - le t te r  c o d e  (e x c e p t th a t  th e  
N - te r m in u s ,  Z , is p y ro l l id o n e  c a rb o x y la te )  is d is p la y e d  a s  fo u r  
s u p e r im p o se d  seg m en ts  re p re se n tin g  th e  fo u r d o m a in s . A lso , n o te  th a t 
th e  se q u e n c e  h o m o lo g y  b e tw e e n  d o m a in s  is 48 to  60% (w ith o u t an y  
in se rtio n s  o r dele tions). It is rich  in  cystine  a n d  g lyc ine  re s id u e s  a n d  h as
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li ttle  s e c o n d a ry  s tru c tu re s . F rom  th is  fig u re , th e  re la tio n s h ip  b e tw e e n  
b o n d  p a t te rn  a n d  se q u e n c e  is e v id e n t. T h is is e sp e c ia lly  u se fu l fo r 
re p re se n tin g  h y d ro g e n -b o n d e d  lo o p  m otifs, w h ich  a re  seen  to  be  co m m o n  
in  th is  p ro te in . T h u s, the  re la tiv e  lack  of in te r-m a in ch a in  b o n d s  fo rm in g  
se c o n d a ry  s tru c tu re  a p p e a rs  to  be  c o m p en sa ted  b y  th o se  in v o lv e d  in  loop  
m o tifs . It seem s m is le a d in g  to  re fe r to  reg io n s  of p o ly p e p tid e  th a t  lack  
s e c o n d a ry  s tru c tu re  as r a n d o m  co il s in ce  th e y  o f te n  e x h ib it  h ig h ly  
ch a rac te ris tic  s tru c tu re  o f th e ir  ow n. F igu re  6  • 2  a lso  sh o w s th a t th e  loop  
m o tifs  a re  h ig h ly  co n se rv e d  b e tw e e n  d o m a in s . W e su g g e s t th a t  th e se  
h y d ro g e n -b o n d e d  m o tifs  a re  c o n se rv e d  in  m u c h  th e  sa m e  w a y  th a t  
s e c o n d a ry  s tru c tu re  is.
6 - 2 - 2  F ea tu re s  o f L oop M o tifs
S om e aspects  of th e  loop  m otifs  a re  also  in v estig a ted . In  re fe rr in g  to 
a m in o  ac id  se q u e n c e  p o s itio n s  w ith in  d o m a in s , th e  n u m b e r in g  o f th e  
firs t d o m a in  is u se d  to refer to  h o m o lo g o u s  p o s itio n s  in  all d o m a in s .
T he  y e llo w  a n d  o ra n g e  b o n d s  b e tw e e n  re s id u e s  4, 9 a n d  10 fo rm  a 
G l- ty p e  b e ta -b u lg e  [RICHA  81]. Since the  m o tif exists in  a lo o p , it m a y  be 
ca lled  a b e ta -b u lg e  loop  [M ILNE 87a]. T hese a re  fre q u e n tly  fo u n d  m o tifs  
th a t  can  b e  d iv id e d  in to  tw o  g ro u p s , d e p e n d in g  o n  th e  n u m b e r  o f lo o p  
re s id u e s . T he o n e  in  th e  a g g lu tin in  is u n iq u e  b eca u se  it h as  o n e  m o re  
lo o p  re s id u e  th a n  th e  lo n g est of th e  tw o  co m m o n  g ro u p s . H o w e v e r , it 
h as  th e  sam e tw is t u su a lly  fo u n d  in  such  loops (see F ig u re  6 - 1 ) .
T he g reen  a n d  p u rp le  b o n d s  b e tw ee n  re s id u e s  19, 22 a n d  23 a re  an  
ex a m p le  of the  sh o rte r  of the  tw o  g ro u p s  o f b e ta -b u lg e  loo p ; th e y  ex ist a t 
th e  lo o p  e n d  o f a b e ta -h a irp in , a c o m m o n  s i tu a tio n  fo r su c h  m o tifs  
[M ILNE 87a].
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O th e r  fe a tu re s  a re  th e  sh o rt a lp h a -h e lix  b e tw e e n  re s id u e s  27 to  32; 
th e  so -called  in v e rse  g a m m a -tu rn  [M ILNE 8 8 b] b e tw e e n  re s id u e s  38 to 40; 
a c la ss ic  b e ta -b u lg e  [R IC H A  81] in v o lv in g  re s id u e s  18, 36 a n d  3 7 ; a 
ty p e  II b e ta - tu rn  a t re s id u es  32-35; an d  a ty p e  I' b e ta - tu rn  b e tw ee n  re s id u es  
13-16. T he d iffe re n t ca teg o rie s  o f m o tifs  can  b e  d is t in g u is h e d  b y  th e  
h y d ro g e n  b o n d  a rra n g e m e n ts  as w ell as by  th e  d ih e d ra l an g le  o f th e  m a in  
c h a in  r e s id u e s  (sh o w n  in  F ig u re  6  • 2  as re d  d o ts  ju s t  a b o v e  th e ir  
c o r re s p o n d in g  h o r iz o n ta l box , w h e n  th e  d ih e d ra l a n g le  is g re a te r  th a n  
ze ro ) . N o te  th a t d ih e d ra l an g le  d isp la y s  on  d ia g ra m m a tic  p ic tu re s  h av e  
b e e n  a d d e d  to  th e  so ftw are  w h ile  w o rk in g  on  th is  ex am p le . A ll th e  
m o tifs  sh o w  a re m a rk a b le  d e g re e  o f c o n se rv a tio n  b e tw e e n  d if fe re n t 
d o m a in s .
6 - 2 - 3  V a r ia b ility  o f H y d ro g e n  B onds In v o lv in g  S id e  C h a in s
A n o th e r  m a tte r  u n d e r  in v e s tig a tio n  is th e  se t o f b o n d s  in v o lv in g  
a m in o  ac id  s id e  chains. T hey  are  d isp la y e d  in  F ig u re  6  • 3. D isu lp h id e  
b o n d s  are  in c lu d e d  as if th ey  w ere  h y d ro g e n  b o n d s  a n d  are  c o lo u re d  buff; 
th e y  a re  v e ry  h ig h ly  co n se rv ed  b e tw e e n  d o m a in s , as th e y  a re  in  o th e r  
h o m o lo g o u s  fam ilies  [TH O R N  81]. H y d ro g e n  b o n d s  a re  c o lo u re d  b lu e , 
re d  o r  p in k , d e p e n d in g  on  th e  category , as ex p la in ed  in  th e  key  d isp la y e d  
a t  th e  to p  r ig h t h a n d  co rn e r of F ig u re  6  • 3. T h ey  a re  g iv e n  in  m o re  
p rec ise  d e ta il in  th e  d iag ram m atic  v iew s in  F ig u re  6  • 4 ( w h e re  d is u lp h id e  
b o n d s  are  rem o v e d  to av o id  c lu tte rin g  in  th e  d isp la y e d  p ic tu re).
It can  be  seen  th a t s id ech a in  —  m a in ch a in  b o n d s  a re  m o re  co m m o n  
th a n  s id e c h a in — sid ech a in  ones; th is is fo u n d  in  m o s t p ro te in s . A ll th ese  
b o n d s  sh o w  su b s ta n tia l v a r ia tio n  b e tw e e n  th e  fo u r  d o m a in s  a n d  o n ly  
th re e  a m in o  ac id s  (see b e lo w ) a re  in v o lv e d  in  th e  sa m e  h y d ro g e n  
b o n d in g  in  all d om ains.
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In  all fo u r  d o m a in s , th e  s id e  ch a in  N H  of th e  c o n se rv e d  G L N  36 
b rid g e s  the  classic b e ta -b u lg e  describ ed  above by  b o n d in g  to th e  C O  g ro u p  
o f th e  co n se rv ed  SER 19, w h ile  th e  s id e  chain  C O  of th e  sam e  g lu ta m in e  
b o n d s  to  th e  N H  of re s id u e  5, s itu a te d  in  th e  lo n g  b e ta -b u lg e . T he s id e  
ch a in  o f SER 19 b rid g es  th e  sh o rt b e ta -b u lg e  loop  in  all fo u r d o m a in s , b u t 
b y  d if fe re n t se ts  o f b o n d s  in  each  case. O th e rw ise  th e re  is v a r ia tio n , 
a lth o u g h  so m e h o m o lo g y  b e tw ee n  p a irs  of d o m a in s  is fo u n d  (e.g. G LU  72 
a n d  G L U  115). S om etim es su ch  h o m o lo g y  is e v id e n t ev en  th o u g h  th e  
se q u e n c e  is a lte re d  (H IS 59 a n d  TYR 145). S om etim es th e  seq u en ce  is 
co n se rv ed , y e t th e  s id e  chain  h y d ro g e n  b o n d s  v a ry  (A SN  14, A SN  15 an d  
c o rre sp o n d in g  res id u es).
6> 3  C O N C L U S IO N
It is g en e ra lly  fo u n d  th a t p ro te in s  a re  m o re  co n se rv ed  a t th e  level of 
th re e -d im e n s io n a l s tru c tu re  th a n  a t th e  seq u en ce  leve l [BAJAJ 84]. A  
s t r u c tu r a l  f e a tu r e  th a t  o f te n  e x h ib its  v e ry  h ig h  h o m o lo g y  is  th e  
d is u lp h id e  b o n d in g  [TH O R N  81]. In  c o n tra s t, e lec tro s ta tic  in te ra c tio n s  
a re  p o o rly  co n se rv ed  [BARLO 83]. H o w ev er, th e  d e g re e  o f co n se rv a tio n  
o f v a r io u s  ca te g o rie s  o f h y d ro g e n  b o n d  h as  b e e n  in v e s t ig a te d  b y  D r 
M iln e r-W h ite , D r P o e t an d  m yself, w h e re  w e co m p are  re la te d  p ro te in s  (or 
d o m a in s )  o f k n o w n  th re e -d im e n s io n a l s tru c tu re  e x h ib itin g  a b o u t 50% 
se q u e n c e  id e n tity  (artic le  n o t y e t p u b lish e d  [M ILNE 90]). It w as  fo u n d  
th a t  th e  ca teg o rie s  fo rm  a clear o rd e r  in  te rm s  of th e  d e g re e  o f id e n tity  
fo u n d  b e tw e e n  b o n d s : m a in c h a in  - m a in c h a in  (s e c o n d a ry  s tru c tu re )  > 
m a in c h a in  - m a in c h a in  (n o t s e c o n d a ry  s t r u c tu re 1) > b o n d s  in v o lv in g
1 The d istin ction  b etw een  the secondary structure and n on -secon d ary  structure inter-
m a in  ch a in  ca teg o r ie s  em p lo y s  the criteria for a lp h a -h e lix  an d  b e ta -sh ee t  o f
K absh & Sander [KABSC 83].
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s id e c h a in s . I t w as  s tr ik in g  th a t in te r-m a in  ch a in  h y d ro g e n  b o n d s  are  
m o re  co n se rv ed  th a n  b o n d s  in v o lv in g  sidech a in s .
T he re su lts  of th is  e x p e rim e n t sh o w e d  th a t th e  ch a ra c te ris tic  3W G A  
d o m a in  c o n ta in s  l i tt le  r e g u la r  s e c o n d a ry  s tru c tu re  (a lp h a -h e lix , b e ta -  
sh ee t) , b u t  ex h ib its  a se t o f co n se rv ed  in te r-m a in c h a in  h y d ro g e n  b o n d s . 
S ince  su c h  'n o n -se c o n d a ry  s tru c tu re ' in te r -m a in c h a in  h y d ro g e n  b o n d s  
o ccu r fre q u e n tly  in  p ro te in s  a n d  a p p e a r  to  b e  co n se rv ed , w e  su g g e s t th a t 
th e  co m p le te  se t of in te r-m a in ch a in  h y d ro g e n  b o n d s  b e  u se d  in  d e sc rib in g  
p ro te in  s tru c tu re .
By c o n t r a s t  w ith  th e  in te r -m a in c h a in  h y d ro g e n  b o n d s ,  th o s e  
in v o lv in g  s id e  c h a in s  in  th e  3W G A  p ro te in  a re  p o o r ly  c o n se rv e d . 
F u r th e rm o re , b o n d s  b e tw e e n  tw o  s id e  ch a in s  a re  e v e n  less  c o n se rv e d . 
R e la ted  o b se rv a tio n s  h a v e  b een  m a d e  fo r o th e r  p ro te in s . For ex am p le , 
B arlo w  [BARLO 83] a n d  T h o rn to n  [TFIORN 8 8 ] sh o w e d  th a t  io n  p a irs , 
w h ic h  a re  m o s tly  s itu a te d  a t th e  su rface  o f p ro te in s , a re  in  g e n e ra l n o t 
w e ll co n se rv ed .
T he p ic tu re s  in  F igures 6  • 1 an d  6  • 3 p ro v id e  a m e an s  of p o r tra y in g  
h y d ro g e n  b o n d s  in  th e  th ree -d im e n sio n a l s tru c tu re  of th e  w h o le  p ro te in . 
T hose  in  F igu res 6  • 2 an d  6  • 4 revea l the  h y d ro g e n  b o n d in g  in  re la tio n  to 
th e  p r im a ry  s tru c tu re . G en era lly , w h e n  p ic tu re s  of w h o le  p ro te in s  a re  
d is p la y e d  in  th e  b io lo g ic a l l i te r a tu r e ,  th e y  a re  a lm o s t  in v a r ia b ly  
re p re s e n te d  as ch a in s  w ith  th e  a lp h a -h e lice s  a n d  s tra n d s  o f b e ta -sh e e t 
s in g le d  o u t in  so m e w ay  (see C h ap te r  2). A lth o u g h  th is  is a co n v e n ie n t 
re p re se n ta tio n , it do es  m ake  the  a ssu m p tio n  th a t th ese  p a r tic u la r  fea tu re s  
a re  th e  m o s t im p o r ta n t  ones. H y d ro g e n  b o n d s  b e tw e e n  m a in  ch a in  
a to m s  a re  w e ll-k n o w n  to  be  th e  b asis  fo r a lp h a -h e lic e s  a n d  b e ta -sh e e t. 
H o w e v e r , m a n y  o th e r in te r-m a in ch a in  h y d ro g e n  b o n d s  o ccu r in  p ro te in s . 
M a n y  o f th e m  a p p e a r  to  s tab ilize  loop  m otifs. A lth o u g h  n o n -re p e titiv e ,
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u n lik e  a lp h a -h e lice s  a n d  b e ta -sh e e t, lo o p  m o tifs  a re  on  th e  w h o le  w ell 
co n se rv e d  in  ev o lu tio n . This ex p e rim e n t d e m o n s tra te s  th e  u se fu ln ess  of 
m y  d isp lay s. T hey  p ro v id e  rep re sen ta tio n s  of w h o le  p ro te in s  th a t d isp la y  
a ll in te r -m a in c h a in  h y d ro g e n  b o n d s  a n d  n o t ju s t th o se  in  re p e tit iv e  
se c o n d a ry  s tru c tu re  e lem en ts.
A n  a d v a n ta g e  o f d ia g ra m m a tic  p ic tu re s , su ch  as th e  o n es  in  F ig u re  
6  • 2 a n d  F ig u re  6 - 4 ,  is th a t ev e ry  s in g le  h y d ro g e n  b o n d  is c lea rly  seen  
since  it can n o t b e  o b scu red  b y  a tom s in  fro n t o f it, as h a p p e n s  occasionally  
in  th e  d isp la y s  of F igu re  6  • 1 a n d  F igu re  6  • 3. T hese  sch em a tic  p ic tu re s , 
e sp e c ia lly  o n es  lik e  th a t  in  F ig u re  6  • 2, a re  u se fu l fo r s tu d ie s  a im e d  a t 
p re d ic t in g  th e  th re e -d im e n s io n a l s tru c tu re  o f p ro te in s  fro m  se q u e n c e , 
b eca u se  b o th  seco n d a ry  s tru c tu re  a n d  co n serv ed  lo o p  m o tifs  can  be  easily  
v isu a liz e d  in  th e  co n tex t of th e  sequence . A lth o u g h  th e  d ia g ra m m a tic  
p ic tu re s  a re  tw o -d im e n s io n a l r e p re s e n tio n s , th e  b o n d  p a t te rn s ,  w h ic h  
ex is t as th re e -d im e n s io n a l fea tu res  o f p ro te in s  a d d  an  ex tra  d e p th  to  the  
p ic tu re s . T his c lue m akes the  schem atic  p ic tu re s  look  as th e y  a re  v ie w ed  
in  tw o  a n d  a h a lf  d im en sio n s .
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H B O N D S , CO M E E T S  HH 
R A M IN O A C ID S  A H EA D .
N  TER M
TER M
IV
R ■ 5  ___
R  « - 4  ___
O TH ERS ___
FIGU RE 6  • 1 T h e  In te r -M a in c h a in  H y d ro g e n  B o n d s  in  th e  T h re e -  
D im e n sio n a l S tru c tu re  of W h ea t G erm  A g g lu tin in  (3W G A )
T h is  an d  s u b se q u e n t  p ic tu r e s  in  th is  C h a p ter  are c o m p u te d  fro m  th e  X -ray  
cr y sta llo g r a p h ic  stru ctu re o f  the 3W G A  p rotein  [W RIG H  87]. T he m a in  ch a in  is  
rep resen ted  a s a sm o o th ed  alp ha-carbon  p lo t. In ter-m ainchain  h y d r o g en  b o n d s  are  
p ortrayed  as co lou red  lin es jo in ing  the p o sitio n s o f the re levant sm o o th ed  alp ha-carbon  
atom s. W here both  sets o f CO and N H  groups of pairs of am ino acids are b on d ed , a thicker 
sin g le  lin e  is  draw n. The colour represents the d istance apart in the seq u en ce o f tw o  am ino  
acid s joined  b y  a bond; in the colour k ey  sh ow n  at the top  right-hand corner, an in teger R 
d efin es th is d istance as: the CO group  o f resid ue i b in d s to the N H  grou p  o f resid u e i + R.
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FIGU RE 6  • 2 D iag ram  of th e  In te r-M a in c h a in  H y d ro g e n  B onds o f th e  
F o u r D o m ain s  o f W h ea t G erm  A g g lu tin in  (3W GA)
T h e seq u en ce , g iv e n  as the standard on e-letter co d e  (excep t that th e N -term in u s, Z , is  
p y ro llid o n e  carboxylate), is  d iv id ed  into four d om ain s. H y d ro g en  b o n d s are d raw n  in  
co lo u r  in  a p ip e-lik e  representation . A s before, w h ere N H  and C O  g ro u p s o f a pair o f  
a m in o  ac id s are b on d ed , a sin g le  thick lin e is  d raw n. The letter for each  a m in o  acid  is  
su rrou n d ed  b y a sm all box. The left-hand sid e of the box corresp ond s to the N H  part and  
the right-hand  sid e to the CO part. H yd rogen  b on d s are draw n  at on e s id e  or the o ther o f  
the b ox  to represent N H  or CO groups, except for the paired b on d s m en tion ed  ab ove, w h ich  
are d raw n  in  the m id d le . A few  atom s, for exam p le the o x y g en  o f GLY 27, b on d  to m ore  
than o n e  o ther atom . W h en ever d ihedral a n g les  are greater than  zero , a red d o t is  
d isp la y ed  ab ove their corresp ond ing 'box'.
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N T ER M  
C TERM  
SI DE-M AIN(M H) 
SIDE - M O I N ( C O )  
SI D E-S ID E  
DISULPHIDE
FIGURE 6  • 3 H y d ro g e n  B onds In v o lv in g  S ide  C h a in s  a n d  D is u lp h id e  
B o n d s in  th e  T h ree -D im en s io n a l S tru c tu re  of W h e a t G erm  A g g lu tin in  
(3W G A )
The m ain  chain  is  represented  as in  Figure 6 1  and sid e  ch ain s in v o lv ed  in  b o n d in g  are 
rep resen ted  b y  tags w h ich  project from  it. Their d irection  is co m p u ted  b y  b isec tin g  the 
o b tu se  a n g le  form ed  b y  the sm ooth ed  a lpha-carbon  co o rd in a tes  o f the am in o  acid  in  
q u estio n  and th ose  o f its tw o  n eighbours. Tags are all the sam e len g th  b ut m ay  ap pear  
foreshortened  or obscured. D isu lph id e b on d s are draw n as b uff-coloured  lin es b etw een  the 
en d s  o f tags. H yd rogen  b on d s are portrayed as lin es o f other co lou rs, e ith er b etw een  the 
en d s  o f tags (for in ter-sidechain  bonds, b lue), or b etw een  o n e  tag and o n e  sm ooth ed  alpha- 
carbon (for sid echain  —  m ainchain  b ond s, red or pink). H yd rogen  b o n d s w h ere  the s id e  
ch a in  b o n d s  to a m ain chain  atom  of the sam e resid u e are rep resen ted  as th ick  o b liq u e  
flag-like features u sin g  the sam e colour-coding as for the other b ond s.
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FIGU RE 6  • 4 D iag ram  of th e  H y d ro g e n  B onds In v o lv in g  S ide C h a in s  in  
th e  F o u r  D o m ain s  of W h ea t G erm  A g g lu tin in  (3W GA)
T he seq u en ce is  d iv id ed  into the four d om ain s. The letters in  b oxes represent am in o  acid s  
a s in  F igure 6  • 2 , and correspond to the m ain chain  part o f resid ues. S ide ch ain s in v o lv ed  
in  b o n d in g  are represen ted  b y w h ite  vertical lin es (tags), their len g th  ap p ro x im a tin g  to  
th e len g th  o f the s id e  chain . H yd rogen  b o n d s are portrayed  as co lo u red  lin es , e ith er  
b etw een  the en d s o f tags (for inter-sidechain bond s, b lue), or b etw een  on e tag and on e m ain  
ch ain  ’box' (for sidechain  —  m ainchain b onds, red or pink). H yd rogen  b o n d s b etw een  sid e  
ch a in  and m ain  chain  a tom s from  the sam e resid u e are portrayed  as th ick  o b liq u e  flag ­





7 • 1 GENERAL CONCLUSIONS AND CONTRIBUTIONS
T h is  re s e a rc h  h a s  d e sc r ib e d  th e  d e v e lo p m e n t o f n e w  w a y s  of 
p ic tu r in g  p ro te in s  th a t  a s s is t in  u n d e r s ta n d in g  b o th  th e ir  th re e -  
d im e n s io n a l  s t r u c tu re  a n d  th e  re la t io n s h ip s  b e tw e e n  it  a n d  th e ir  
seq u en ce .
T h e  P H D  sy s te m  h a s  p ro v id e d  a w o rk in g  e n v iro n m e n t  fo r th e  
b io c h e m is t  a l lo w in g  h im , o r h e r, to m a n ip u la te  m o d e ls  o f k n o w n  
p ro te in  th re e -d im e n s io n a l s tru c tu re . P ic tu res  of th e  p o ly p e p tid e  ch a in  
w ith  e i th e r  in te r-m a in  ch a in  h y d ro g e n  b o n d s , o r th o se  in v o lv in g  s id e  
c h a in  —  m a in  ch a in  b o n d s , can be d isp la y e d . In te re s t in g  sec tio n s  o f 
p ro te in s  can  b e  se lec ted , sh o w in g  ch a in  s tru c tu re ,  a to m ic  d e ta ils  o r 
d ia g ra m m a tic  v iew s. C o lo u r c o d in g  has b e e n  u s e d  to  d if fe re n tia te  
b e tw e e n  th e  d if fe re n t ty p e s  of h y d ro g e n  b o n d  fo u n d . A  re c u rs iv e
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a lg o r i th m  fo r th e  in te r -m a in c h a in  h y d ro g e n  b o n d  p ic tu re s  h a s  b e e n  
d e v e lo p e d  th a t d iffe re n tia te s  b e tw e e n  v a r io u s  so rts  o f h y d ro g e n  b o n d  
p a t te rn s .  T h is a lg o rith m  w as  p a r tic u la r ly  u se fu l fo r d is t in g u is h in g  
b e tw e e n  h y d ro g e n  b o n d s  b e lo n g in g  to  a p a ra lle l b e ta  sh e e t o r an  a n ti­
p a ra lle l on e , w h ich  w as n o t easily  d iffe re n tia te d  in  th e  ea rly  p ic tu re s  o f 
th e  p ro jec t [POET 86].
A  fu r th e r  novel co m p u te r-g e n e ra te d  g rap h ic a l (ca lled  d ia g ra m m a tic  
v ie w ) d is p la y  te ch n iq u e  for p ro te in s  w as  a lso  d e sc r ib e d , in  w h ic h  th e  
b a c k b o n e  is re p re s e n te d  as a h o r iz o n ta l lin e  a n d  th e  in te r -m a in c h a in  
h y d ro g e n  b o n d  s tru c tu re  (or th e  s idecha in  —  m a in ch a in  one) is re la te d  to 
th e  seq u en ce . F or su ch  v iew s, tw o  s lig h tly  d iffe re n t a lg o ri th m s  h a v e  
b e e n  d e v e lo p e d , o n e  fo r th e  in te r-m a in c h a in  h y d ro g e n  b o n d s  a n d  th e  
o th e r  fo r th o se  in v o lv in g  sid ech a in s , th a t a llo w  ev e ry  h y d ro g e n  b o n d  to  
b e  c lea rly  seen  since  it c a n n o t b e  o b sc u re d  b y  a to m s in  f ro n t o f it, as 
h a p p e n s  o c c a s io n a lly  in  th e  d is p la y s  d e s c r ib e d  a b o v e . A n o th e r  
a d v a n ta g e  o f th is  ty p e  of d isp la y  is th a t all se c o n d a ry  s tru c tu re  fe a tu re s  
a n d  p a r tic u la r ly  sh o rt loop  m otifs can be  read ily  p o rtray e d . F u rth e rm o re , 
th e  re la t io n s h ip  b e tw e e n  b o n d  p a t te rn  (a n d  c o n s e q u e n tly  th e  th re e -  
d im e n s io n a l s tru c tu re )  a n d  th e  se q u e n c e  is e v id e n t. A lth o u g h , th e  
d ia g ra m m a tic  p ic tu re s  a re  tw o -d im e n s io n a l r e p re s e n t io n s ,  th e  b o n d  
p a t te rn s  w h ic h  a re  th ree -d im e n sio n a l fea tu re s  of p ro te in s , a d d  a n  e x tra  
d e p th  to th e  p ic tu res. This clue m akes the  schem atic  p ic tu re s  look  as th ey  
a re  v ie w e d  in  tw o -d im e n s io n  a n d  a half. N o  o th e r  k n o w n  c o m p u te r ­
g e n e ra te d  p ic tu re s  p ro v id e  su ch  c o m p re h e n s iv e  in fo rm a tio n  a b o u t th is  
a sp e c t o f p ro te in s  w h ich  is a m ajo r re q u ire m e n t fo r p re d ic tin g  p ro te in  
s tru c tu re  fro m  p rim a ry  stru c tu re .
A n o th e r  m a in  p o in t concerns th e  w a y  w h o le  p ro te in s  a re  v ie w e d . 
To b e  a p p re c ia te d  in  th ree -d im en sio n s  they  h av e  to  b e  s im p lified . F rom  
c u rre n t ly  av a ila b le  sy stem s d esc rib in g  m e th o d s  to  v isu a liz e  se c o n d a ry
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s tru c tu re s  (see C h a p te r  2), it is u su a lly  im p o ss ib le  fo r a u s e r  to  see 
th ro u g h  th e  object d isp lay ed . M oreover, an  in v e s tig a to r  is n o t in  a s ta te  
to  k n o w  h o w  m a n y  h y d ro g e n  b o n d s  are  in v o lv ed  in  s e c o n d a ry  s tru c tu re  
fe a tu re s . F u rth e rm o re , th e re  is no  w a y  a re se a rc h e r  can  in v e s tig a te  
u n p re d ic ta b le  fea tu res  such  as loop  m otifs  from  th e se  m o d e ls , w h e re  all 
th a t  can  be  seen  are  som e k n o w n  specific fea tu res . A  m a jo r fac to r th a t 
sh o u ld  b e  co n s id e re d  is th a t it is im p o rta n t n o t to  b u ild  in  p re c o n c e iv e d  
id e as  o f w h a t w e  expect to  see, since th is w ill m ak e  it h a rd e r  to  d isco v er 
n e w  fea tu res . O n  the  o th e r h a n d , th e  w ell k n o w n  s tru c tu re s  s h o u ld  be  
c le a rly  v is ib le . T his b a lan c in g  act is a n o th e r  d e s ira b le  fe a tu re  th a t  a 
sy s te m  sh o u ld  achieve. T he c u rre n tly  av a ilab le  m e th o d s  se lec t c e rta in  
h y d ro g e n -b o n d e d  fea tu res  in  an  a rb itra ry  w ay , a n d  it is b e tte r , in s te a d , to  
d e p ic t  a ll in te r -m a in c h a in  h y d ro g e n  b o n d s . T h e  p ic tu re s  o f th e  
p o ly p e p tid e  ch a in  w ith  th e  in te r-m a in c h a in  h y d ro g e n  b o n d s  a n d  th e ir  
c o rre sp o n d in g  d iag ram m atic  v iew s p ro v id e d  a m ean s  to  d o  it.
T he  s tra te g y  I a d o p te d  in  p ic tu rin g  p ro te in s  is b a se d  o n  th e  id e a  of 
m u l t ip le  s im p lif ie d  d is p la y s ,  w h e re  o n ly  im p o r ta n t  in fo rm a tio n  is 
d isp la y e d , so th a t th e  in v estig a to r is n o t sw a m p e d  b y  u n n e c e ssa ry  d e ta il. 
T h e s e  p ic tu r e s  can  b e  m a n ip u la te d  in te r a c t iv e ly  a n d  d is p la y e d  
s im u lta n e o u s ly , ta k in g  a d v a n ta g e  of w in d o w  m a n a g e m e n t te c h n iq u e s  
in c o rp o ra te d  in  the  C G I.
T he q u e s tio n  of h o w  to  re p re se n t d e p th  is also  o f spec ia l co n ce rn  in  
th e  p re s e n t  s tu d y . W ays of v isu a liz in g  th re e -d im e n s io n a l ob jects o n  a 
tw o -d im e n s io n a l  sc reen  w ith o u t d is tu rb in g  th e  c o n c e n tra tio n  o f th e  
v ie w e r has been  o n e  of the  goals of m y  research . A  specia l fe a tu re  o f m y  
sy s tem  is th e  w ay  I h av e  d ev e lo p ed  n ew  s tra teg ie s  fo r in d ic a tin g  d e p th . 
S om e n e w  tech n iq u es  such  as tram lin es  a n d  th e  u se  o f c irc u la r  b ru s h e s  
h a v e  b e e n  d e v e lo p e d  w h ic h  p ro v id e  an  e ffec tiv e  th re e -d im e n s io n a l  
i l lu s io n  fo r th e  u se r. T his c o m b in a tio n  o f te c h n iq u e s  h a s  m a d e  it
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p o s s ib le  to  c rea te  a m o d e l im ag e  o f a p ro te in  w h ic h  s tim u la te s  th e  
im a g in a t io n  o f  b io c h e m is ts ,  w h ile  m in im iz in g  t im e  d e la y s  fo r 
d is p la y  o r m a n ip u la t io n  o f the  im ages. T hese  m e th o d s  can  b e  a p p lie d  
g e n e ra lly  o v e r v a rio u s  fie lds of C o m p u te r  G rap h ics  su ch  as C A D /C A M  
sy stem s.
S evera l p ro te in  d isp la y s  h av e  b een  il lu s tra te d . A n  an a ly s is  u s in g  
th e  sy s te m  h as  b een  ca rried  o u t in  C h a p te r  6 u s in g  th e  p ro te in  w h e a t 
g e rm  a g g lu tin in . T he re su lts  sh o w e d  th a t, for reg io n s  o f p ro te in s  th a t 
la ck  se c o n d a ry  s tru c tu re , th e  in te r-m a in c h a in  h y d ro g e n  b o n d s  o f lo o p  
m o tifs  a p p e a r  to  b e  h ig h ly  conserved . It is su g g es ted  th a t th e  u se  o f the  
te rm  seco n d a ry  s tru c tu re  is a t tim es in a p p ro p ria te , s ince it is o ften  u se d  to 
d e sc rib e  th e  m o s t h ig h ly  co n serv ed  h y d ro g e n -b o n d e d  re g io n s  o f p ro te in  
s tru c tu re ,  a n d  th a t  it  w o u ld  be  b e tte r  to in c lu d e  lo o p  m o tifs  in  th is  
category.
T h is  re s e a rc h  h a s  p ro v id e d  a n e w  to o l to  h e lp  p r e d ic t io n  o f 
th re e -d im e n s io n a l  s tru c tu re  fro m  se q u e n c e  in fo rm a tio n . Its  sp e c ia l 
im p o r ta n c e  is th a t it a llow s th e  re la tio n sh ip  b e tw e e n  th re e -d im e n s io n a l 
s t ru c tu re  a n d  seq u en ce  to  be  re a d ily  in v e s tig a te d . T h is w o rk  h a s  also  
p ro v id e d  a su b s ta n tia l  in c rease  in  u n d e rs ta n d in g  o f p ro te in  s tru c tu ra l  
fea tu re s , k n o w le d g e  ab o u t w hich  w ill ass is t in  p re d ic tio n  w ork .
7 - 2  FUTURE DIRECTIONS
W h ile  th e  c u rre n t ap p lica tio n  is b ased  on  a C G I co lo u r w o rk s ta tio n , 
a m o re  p o r ta b le  w in d o w  system , su ch  as th e  X W in d o w  S y tem  (v e rs io n  
11), is d e s ira b le . In  su c h  an  e n v iro n m e n t, w r it in g  a n  a p p l ic a t io n  
p ro g ra m  m ak es  it p o r ta b le  to  an y  h a rd w a re  s u p p o r tin g  an  X se rv e r  by
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s im p ly  r e c o m p ilin g  it; n o  c h a n g e s  in  th e  c o d e  w ill b e  r e q u i r e d  
( [SC H E I86, S C H E I88]).
V isu a liza tio n  of p ro te in s  h av e  focused  essen tia lly  o n  tw o  leve ls  :the 
fo ld in g  o f p o ly p e p tid e  ch a in s  a n d  th e  r e la t io n s h ip  b e tw e e n  th re e -  
d im e n s io n a l s tru c tu re s  a n d  th e ir  seq u en ce . F u r th e r  lev e ls  c o u ld  b e  
a d d e d  a n d  c o n s titu te  a fu r th e r  ex ten sio n  to  th e  p ro jec t. T hese  in c lu d e  
th e  d e v e lo p m e n t of a m eans of in v estig a tio n  of su rfaces a n d  in te rfaces , as 
w ell as of th e  overall sh ap e  of su bun its .
I t is lik e ly  th a t  th e  ab ility  to  reco g n ize  lo o p  m o tifs  w ill b eco m e  
c ru c ia l in  th e  p red ic tio n  of p ro te in  s tru c tu re  as a w hole. T he p ro b lem , a t 
p re s e n t ,  w ith  p re d ic tin g  lo o p  m o tifs  is n o t th a t  th e y  d o  n o t e x h ib it 
m a rk e d  p ro p en s itie s  for p a rtic u la r  am in o  acids a t p o s itio n s  a lo n g  a g iven  
m o tif , b u t  th a t th e re  is n o t en o u g h  d a ta  in  th e  PDB. T h ere  a lso  ex ist a 
n u m b e r  o f o th e r  d iffe re n t so rts  of m otifs. T his su g g e s ts  th a t  th e re  is 
sco p e  for fu rth e r  research  because it is on ly  w h en  an y  s tru c tu ra l g ro u p  h as  
b een  clearly  d iffe ren tia ted  th a t p red ic tio n  m e th o d s  can  be  o p tim iz e d .
S ince  h y d ro g e n  b o n d s  a re  k ey  c o m p o n e n ts  o f b o th  s e c o n d a ry  
s t r u c tu re  a n d  lo o p  m o tifs , th e  d ia g ra m m a tic  v ie w s  a re  lik e ly  to  b e  
h e lp fu l ,  b o th  in  id e n tify in g  su ch  fe a tu re s  a n d  in  e s ta b l is h in g  th e ir  
seq u en ce  p ro p en s itie s . F u tu re  d irec tio n s  w ill b e  to  p u rs u e  th is  id e a  a n d  
u se  it as a basis  for a novel p red ic tio n  m e th o d  w h ich  w ill be  e m p lo y e d  for 
se q u e n c e  an a ly sis  of p ro te in s , an d  p ro te in  fam ilies, w h o se  s tru c tu re  one  
w ish es  to  p red ic t. In the  first stage, th e  sets of am in o  acid  p ro p e n s itie s  for 
in d iv id u a l  lo o p  m o tifs  co u ld  be  u se d  to  scan  fam ilies  o f se q u e n c e s  o f 
k n o w n  th re e -d im e n s io n a l  s t ru c tu re  to  e x a m in e  h o w  u s e fu l  a re  th e  
p re d ic tio n s  th a t can be  m ade. It w ill th en  b e  p o ssib le  a t a la te r  s tag e  to 
c o rre la te , fo r exam p le , ra p id ly  a th ree -d im e n sio n a l m o tif  w ith  th e  se t of
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am in o  acid  sequences a t th a t po sitio n  in  a fam ily  of p ro te in s .
E x ten s iv e  cap ab ilitie s  on  th e  d ia g ra m m a tic  v ie w s c o u ld  b e  a d d e d  
w ith in  the  ex isting  fram ew ork . A lth o u g h  color co d in g  is m a in ly  u sed  to 
d iffe ren tia te  b e tw een  d iffe ren t types of h y d ro g e n  b o n d  fo u n d , it a ssu m es  a 
fa m ilia r ity  w ith  th e  code. T here  sh o u ld  be an  a u to m a tic  fac ility  th a t 
d e tec ts  all fea tu res  of p ro te in  s tru c tu re , especia lly  lo o p  m otifs . A  nov ice  
u s e r  can  b e  a c q u a in te d  w ith  th e se  re p re s e n ta tio n s  b y  re q u e s tin g , fo r 
ex am p le , a t a firs t s tag e  th a t on ly  a lpha-he lices b e  d isp la y e d . A t a n ex t 
s tag e , h e  m a y  ask  for a specific loop  m o tif to  b e  d isp la y ed . T his facility  
w o u ld  also  b e  h e lp fu l for m o re  freq u en t u sers . A s m o re  loop  m o tifs  are  
d isc o v e re d  in  the  b io log ical lite ra tu re , th e  ab ility  o f th e  u se r  to  m e m o rize  
th e m  beco m es m o re  a n d  m o re  of a chore; th is  facility  w ill h e lp  so lve  th e  
p ro b le m .
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A ppendix 1 
A M I N O  A C I D  S Y M B O L S
A m ino Acid T h ree-le tter O n e-le tter
sym bol sym boP
A la n in e A LA A
A rg in in e A R G R
A sp a ra g in e A S N N
A sp a rtic  acid A SP D
C y ste in e CYS C
G lu ta m in e G LN Q
G lu tam ic  acid GLU E
G ly c in e GLY G
H is tid in e H IS H
Is o le u c in e ILE I
L e u c in e LEU L
L y sin e LYS K
M e th io n in e M ET M
P h e n y la la n in e PHE F
P ro lin e PRO P
S e r in e SER S
T h r e o n in e T H R T
T ry p to p h a n TR P W
T y ro s in e TYR Y
V a lin e V A L V
A m in o  acid s are ordinarily  d esign ated  by three-letter sym b ols, but a set o f on e letter 
sy m b o ls  h as a lso  b een  ad op ted  to facilita te co m p a ra tiv e  d isp la y  o f am in o  acid  
sequences of hom ologous proteins.
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A ppendix 2
A P P R O X IM A T IO N
O F
S ID E  C H A I N  L E N G T H S
T h e  l e n g th  o f e a c h  ’ta g ' a p p ro x im a te s  th e  le n g th  o f  th e  
c o rre sp o n d in g  sid e  chain.
A m ino A cid O n e-le tter
sym bol
Tag
le n g th
A la n in e A 0
A rg in in e R 14
A sp a ra g in e N 8
A sp a rtic  acid D 7
C y ste in e C 61
G lu ta m in e Q 10
G lu ta m ic  acid E 9
G ly c in e G 0
H is tid in e H 12
Iso le u c in e I 0
L e u c in e L 0
L ysine K 13
M e th io n in e M 0
P h e n y la la n in e F 0
P ro lin e P 0
S e r in e S 4
T h r e o n in e T 5
T ry p to p h a n W 0
T y ro s in e Y 11
V a lin e V 0
W h ile C ystein e has potential s id e chain atom  b on d in g , its tag is not d isp la y ed  in 
diagram m atic v ie w s  as it w ou ld  con fuse the picture.
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A ppendix 3
G R A P H IC S  R O U T IN E S
T his a p p e n d ix  describes all th e  g rap h ics  lib ra ry  ro u tin e s  u se d  in  the  
P H D  sy s te m . T h e ir  co d e  can  b e  fo u n d  in  th e  file  w in d o w .c .  T h e s e  
p ro c e d u re s  a re  d e s ig n e d  to  a llo w  s im p lif ie d  access fro m  C la n g u a g e  
p r o g r a m s  to  th e  A n g e l g ra p h ic s  p a c k a g e  s u p p l ie d  w ith  th e  C G I 
w o rk s ta tio n . A ll of th em  w ere  im p le m e n te d  by  a c o llab o ra tio n  b e tw e e n  
Dr. P o e t an d  m yself.
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NAM E
W IN D O W
SY N O PSIS
win_open(obj_xl, obj_x2, obj_yl, obj_y2, ndc_xl, ndc_x2, ndc_ 1,
ndc_y2, title)
d o u b le  o b j_ x l,o b j_ x 2 ,o b j_ y l,o b j_ y 2 ; 
d o u b le  n d c _ x l, n d c_ x 2 ,n d c_ y l,n d c_ y 2 ;
ch a r *title;
win_close(winnum)
in t  w in n u m ;
win_show(winnum)
in t  w in n u m ;
win_wipe(winnum,colour)
i n t  w in n u m ;
in t  co lou r;
win_colour(winnum, col_file)
i n t  w in n u m ;
ch a r *col_file;
win_enable(winnum,event_fun)
i n t  w in n u m ;




w in n u m
ob j_ x l etc... 
n d c _ x l etc...
t i tle
w in n u m ;
T he in te g e r  w in d o w  id e n t if ie r ,  as r e tu r n e d  b y  
w i n _ o p e n
The w o rld  co o rd in a te  sy stem  for th e  w in d o w
T he sc reen  p o s itio n  of th e  w in d o w  o n  n o rm a liz e d  
dev ice co o rd ina tes
The w in d o w  title
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c o lo u r  The w ho le  w in d o w  is set to  th is co lour
co l_ file  A  file co n ta in in g  co lo u r in fo rm a tio n  (see C O L O U R
section)
e v e n t_ fu n (w in n u m ,d e v ic e ,x ,y )  
in t  w in n u m ;
ch a r *device;
d o u b le  x, y;
A fu n c tio n  to be  ex ecu ted  w h en  a m o u se  in te r ru p t  is 
gen era ted .
d e v ic e  e i th e r  "m o u se l"  o r "m o u se2 " , d e p e n d in g  o n  th e
n u m b e r of clicks.
x ,y  W orld  co o rd in a tes  of the  m o u se  w h e n  clicked.
DESCRIPTION
w i n _ o p e n  c rea te s  a n e w  w in d o w , w h ile  w i n _ c l o s e  d e s tro y s  th e  
w in d o w . w i n _ s h o w  u p d a te s  all the  changes m a d e  to  the  w in d o w .
w i n j w i p e  c lears th e  w in d o w , se ttin g  it to the  d e s ire d  co lour.
w i n _ c o lo u r  p ro cesses  a co lou r d e fin itio n  file  (see C O L O U R  sec tio n  
fo r its  im p lem en ta tio n ).
w i n _ e n a b l e  p ro v id e s  a n  in te r r u p t  h a n d l in g  fu n c tio n , w h ic h  is 
e x e c u te d  w h e n  th e  m o u se  is c licked  in  a e n a b le d  w in d o w . T he  4 
p a ra m e te rs  specify  th e  w in d o w  id , th e  n u m b e r of clicks (as a s trin g ) 
a n d  th e  x, y  coo rd in a tes  of th e  m o u se  w h en  clicked.
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NA M E
B R U S H
SYNOPSIS
b ru s h _ th ic k (w in n u m , th ick )
in t  w in n u m , th ick;
b ru s h _ c o lo u r(w in n u m , co lou r)
in t  w in n u m , co lour;
b ru s h _ d a s h (w in n u m , o b j_ d a sh )
in t  w in n u m ;
d o u b le  o b j_ d ash ;
b ru sh _ x y (w in n u m , obj_x, obj_y) 
in t  w in n u m ;
d o u b le  obj_x ,ob j_y ;
PARAMETERS
w in n u m  The w in d o w  id
th ic k  The line  th ickness in  p ixels
c o lo u r  The co lou r id
d a sh  T he le n g th  o f d a s h e d  lin e s  in  w o r ld  c o o rd in a te s
(< 0.0 => solid  lines)
o b j_ x ,o b j_ y  x,y coo rd ina tes  in  w o rld  co o rd in a tes
DESCRIPTION
T he b ru sh  th ickness, co lour, d a sh  len g th  a n d  p o s itio n  is ch a n g e d  by  
th e se  ro u tin e s .
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NAM E
D R A W
SYNOPSYS
d ra w _ d o t(w in n u m )
in t  w in n u m ;
d ra w _ lin e (w in n u m , obj_x , ob j_y) 
in t  w in n u m ;
d o u b le  o b j x ,  o b jy ;
d ra w _ c irc le (w in n u m , ob j_ r)
in t  w in n u m ;
d o u b le  o b j_ r;
d ra w _ b  ox (w in n u m , ob j_ r) 
in t  w in n u m ;
d o u b le  o b j_ r;
d ra w _ c ro s s (w in n u m , ob j_ r) 
i n t  w in n u m ;
d o u b le  o b j_ r;
PARAMETERS
w in n u m  W in d o w  id
ob]_x, obj_y  coo rd ina tes  of en d  of line
o b j_ r  R ad ius of circle, box o r cross m a rk e r
DESCRIPTION
L in e  is d ra w n  fro m  th e  c u r re n t b ru s h  p o s itio n , u p d a t in g  it; d o t, 
circle, box  a n d  cross are  d ra w n  at the  c u rre n t b ru sh  position .
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N A M E
TEXT
SY N O PSIS
p e n _ c o lo u r(w in n u m , co lou r)
in t  w in n u m , co lour;
p e n _ x y (w in n u m , obj_x, obj_y)
in t  w in n u m ;
d o u b le  obj_x, obj_y;
w r ite _ s tr (w in n u m , text)
in t  w in n u m ;
ch a r *text;
w r ite _ c h (w in n u m , c)
in t  w in n u m ;
ch a r c;
re a d _ lin e (w in , b u f , m ax_buf) 
in t  w in , m ax  buf;
ch a r  buf [ ];
P A R A M E T E R S
w in n u m  W in d o w  id
obj_x, obj_y W o rld  coo rd ina tes  for p en  p o s itio n , in itia lly  a t to p  left 
an d  corner
tex t N u ll te rm in a ted  a rray  of charac ters
b u f  A rray  of characters
m a x _ b u f  A rray  b o u n d
c C harac ter to be o u tp u t to  screen
D ESC R IPTIO N
N o  f i l te r in g  o f sp e c ia l o u tp u t  c h a ra c te rs  is p e r fo rm e d . T h e  
r e a d j i n e  fu n c tio n  read s  u p  to  the  nex t n ew lin e  ch arac te r.
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NAM E
M E N U
SYNOPSIS
menu_open(winnum, title, [item_name, action,]....,0)
i n t  w in n u m ;
c h a r title  [ ], item  n am e [ ];
IN T  FU N  action ;
menu_show(menu, obj_x, obj_y)
i n t  m e n u ;
d o u b le  obj_x, obj_y;
menu_hide(menu)
i n t  m e n u ;
menu_mark(menu, item)
i n t  m e n u , item ;
PARAMETERS
w in n u m  W in d o w  id
ti t le  T he m e n u  title
i t e m _ n a m e  The n am e  of the  m e n u  item
a c tio n (m e n u , item )
in t  m e n u , item ;
T he fu n c tio n  to  b e  ca lled  w h e n  th a t  m e n u  ite m  is 
c h o sen
m e n u  The m e n u  id , g en e ra ted  by  m e n u  o p e n
obj_x, obj_y  T he to p  left h a n d  co rn er of th e  m e n u , re la tiv e  to its
w in d o w
i te m  item  n u m b e r (s ta rtin g  from  0) in  th e  m e n u
DESCRIPTION
M e n u s  a re  a sso c ia ted  w ith  w in d o w s, so th a t m e n u _ o p e n  m u s t  be 
p ro v id e d  w ith  a w in d o w  id  as w ell as th e  title . T his is fo llo w ed  b y  a 
z e ro  te rm in a te d  lis t of item  n a m e /a c tio n  p a irs  fo r each  item  in  th e
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m e n u . W h e n  a m e n u  item  is s e le c te d , th e  a p p r o p r ia te  a c tio n  
fu n c tio n  is called , an d  is p assed  tw o  in teg er p a ra m e te rs , th e  m e n u  id  
a n d  the  item  n u m b er. Item s are  n u m b e re d  s ta rtin g  fro m  0.
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NAM E




T he m ak e c o l  p ro g ra m  ta k es  a se q u e n c e  of c o lo u r d e f in i tio n  files 
a n d  g e n e ra te  th e  a p p ro p r ia te  .h files fo r in c lu s io n  in  C p ro g ra m s . 
This a llow s co lours to be re fered  to by  n am e  in  th e  p ro g ram .
T h e  fo rm a t of a co lo u r d e fin itio n  file, as u se d  b y  th e  w i n _ c o l o u r  
fu n c tio n  a n d  th e  makecol  p ro g ram , is as fo llow s:
L ine 1: A  h e a d e r line w h ich  is igno red .
Lines th a t fo llow  are  in  one of the  tw o  fo llo w in g  form s:
co lo u r _ n a m e  1 r e d _ v a lu e  g r e e n v a l u e  b lu e _ v a lu e
or
c o lo u r _ n a m e  n r e d r a n g e  g r e e n r a n g e  b lu e _ ra n g e
T he c o l o u r _ n a m e  is ju s t an  id e n tif ie r  for th a t p a r t ic u la r  co lo u r, to 
b e  u s e d  in  th e  p ro g ra m . T he  red, green and blue va lues  a re  rea l 
n u m b e rs  b e tw e e n  0.0 a n d  1.0, d e n o tin g  th e  in te n s it ie s  o f th e se  
p r im a ry  co lours. T he n u m b e r n w h ich  a p p e a rs  in  th e  seco n d  case is 
th e  n u m b e r of sh ad es  of th e  co lour req u ire d . T he range  o f co lo u rs  is 
in  th e  fo rm  0.25-0.75, d en o tin g  co lou r in ten s itie s  b e tw e e n  0.25 (first 
shad e) an d  0.75 (last shade).
T h e  im p le m e n ta t io n  o f th e  m a k e c o l  p ro g ra m  is g iv e n  n e x t, 
to g e th e r  w ith  an  ex am p le  th a t i l lu s tra te s  th e  fo rm a t of a c o lo u r 
d e f in itio n  file  ( in p u t)  a n d  its a p p ro p r ia te  .h file (o u tp u t) . N e x t 
fo llo w s  th e  co d e  o f th e  w i n _ o p e n  fu n c tio n  (in  o rd e r  to  s e t-u p  a 
co lo u r  / in te n s i ty  lo o k u p  tab le  fo r an y  c o lo u re d  w in d o w s  c re a te d , 
u s in g  a C G I w orksta tion ).
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/ * * * * * * * * * * * * * * * * * * * * * * * * * I
I* * * * * *  m a k e c o i  c  
I *  * *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  * *  *  *  *  *  j
# in c lu d e  <std io .h>
# in c lu d e  < sy s /ty p e s .h >
# in c lu d e  < panels.h>
# d e fin e  M AX_COLOURS 256
m ain(argc, argv)




FILE *colc, *colh; 
ch a r  name[40]; 
in t range, i, c;
double r, r2 , rinc, g, g 2 , ginc, b, b2 , bine;
sprin tf(nam e, "%s.h", argv[l]);  
colc = fop en (argv [l], "r"); 
colh  = fopen(nam e, "w"); 
i f  (Icolh)
dieC'Cannot o p en  colour files"); /  * function  that k ills the p rocess * /  
w h ile  (getc(colc) != '\n ')  /* flu sh  first line * /
c = 2;
w h i le  (fscanffcolc, "%s%d", nam e, & range) != EOF)
{
i f  (range = = 1)
{
fscan f(colc, "%lf%lf%lf", &r, & g, &b); 




fscanf(colc, "%lf%lf%lf%lf%lf%lf", &r, &r2 , &g, & g2 , &b, &b2 ); 
rinc = (-r2 - r) /  (range - 1 ); 
rinc = (-g2 - g) /  (range - 1); 
rinc = (-b2 - b) /  (range - 1);
fprintf(colh, "#define %s (x) \ t  (%d + (int) (%d* (x))) \n " , 







INPUT: colours  file
N A M E #VALUE RED GREEN BLUE
WHITE 1 1.0 1.0 1.0
BLACK 1 0.0 0.0 0.0
BLUE 1 0.0 0.0 1.0
GREEN 1 0.0 1.0 0.0
PINK 1 0.73 0.55 0.55
RED 1 1.0 0.0 0.0
YELLOW 1 1.0 1.0 0.0
C H A IN 8 1.0-0.2 1.0-0.2 1.0-0.2
NITROGEN 3 0.0-0.0 1.0-0.2 0.0-0.0
SIDECARBON 3 1.0-0.2 0.0-0.0 0.0-0.0
OXYGEN 3 0.0-0.0 0.0-0.0 1.0-0.2
M AINC AR BO N 3 1.0-0.2 1.0-0.2 1.0-0.2
A
OUTPUT: colours.h  file
m akecol
program takes the input definition file 
colours  
and generates the 
colours.h  
for inclusion in C programs
#d efin e WHITE (2)
#d efin e BLACK (3)
#d efin e BLUE (4)
#d efin e GREEN (5)
#d efin e PINK (6)
#d efin e RED (7)
#d efin e YELLOW (8)
#d efin e CH AIN (9 + (int) (7 * (x)))
#d efin e NITROGEN(x) (17 + (int) (2 * (x)))
#d efin e SIDECARBON (x) (20 + (int) (2 * (x)))
#d efin e OXYGEN(x) (23 + (int) (2 * (x)))
#d efin e M AINCARBON(x) (26 + (int) (2 * (x)))
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# in c lu d e  < sy s /ty p c s .h >  
# in c lu d e  < panels.h>  
# in c lu d e  <m cnus.h>  
# in c lu d e  < panels.h>  
# in c lu d e  < w in .h>  
# in c lu d e  <brush.h>  
# in c lu d e  <pen.h>
/*  library calls * /
# d e f in e  M AX_W in 20
# d e f in e  M AX_BRUSH _SIZE 5 
# d e fin e  M AX COLOURS 256
ty p ed ef struct { /*  data structure of any w in d o w  * /
W in d ow  *win;
R aster *ras;
sh ort p anel;
Brush *brush[M A X _BR U SH _SIZE];
Brush *b; /*  current brush * /
in t th ick ; /*  current thickness * /
in t colour; /*current colour * /
in t d ash ; / ’•'current dash length  (0  => so lid ) * /
in t x, y; / *  current brush position * /
Pen *pen;
M enu Frame *mf;
d ouble x_sca le, y_sca le , x_sh ift, y_sh ift;
in t COLOUR; /*  > 0 if yes * /
in t (*dev_fun)( ); /*  zero if m ouse not enabled * /
} W in;
W in  w in list[M A X _W in];
Colour coltab[M AX_CO LO URS];
in t ncolours = 0;
j *  *  *  *  *  *  *  *  x- *  *  *  *  #  *  *  *  *  *  *  *  *  *  #■ *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  x- *  *  *  *  *  *  *  *  *  if jf *  *  # y
w in_colour( w in n u m , co l_file)
in t  winnum;
ch a r  * c o l_ file ;
{
FILE *colc; 
ch a r  name[40]; 
in t range, i, c;
double r, r2 , rinc, g, g 2 , ginc, b, b2 , bine;
^  Qn a c o ]our machine************/
i f  (P a le tteD ep th O  = = 1 )  /*  d o n ’t im plem en t look u p  table if
return; /*  m onochrom e system  * /
colc = fop en (co l_ file , "r"); 
i f  (!colc)
dieC'Cannot op en  colour files");
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while (getc(colc) != ’\n') /* flush first line V
rinc -  ginc -  bine = 0 .0 ; /*  m ake sure set if range == 1 * I
j  TABLE SET ********* j
/ *  The coltab array contains ncolours entries, describ ing * /
/ *  the colours required b y the application. Each colour is * /
/*  specified by g ivin g the intensities o f red, green and * /
/ *  b lue that m ake up  the colour; each in tensity  is an in teger * /
/ *  b etw een  0 and COLOUR_MAXI inclusive. (See [K H A N  86 ] * /
/*  for m ore /
coltab[0 ].red = 0 ; 
col tab[0 ] .green = 0 ; 
coltab[0 ].b lue = 0 ;
co ltab [0 ].typ e  = COLOUR_EXACT; / *  u se program m able colour * /
co ltab[l].red  = COLOUR_MAXI; /*  m axim um  colour value */
co ltab [l].green  = COLOUR_MAXI; 
col tab [l].b lu e  = COLOUR_MAXI; 
c o lta b [l] .ty p e  = COLOUR_EXACT; 
c = 2;
w h i le  (fscanf(colc, "%s%d", nam e, &range) != EOF)
{
if  (range == 1 )
fscanf(colc, "%lf%lf%lf", &r, &g, &b);
e lse
fscan f(colc, "%lf%lf%lf%lf%lf%lf", &r, &r2 , & g, & g2 , &b, &b2 ); 
rinc = (-r2 - r) /  (range - 1); 
ginc = (-g2 - g) /  (range - 1); 
bine = (-b2 - b) /  (range - 1);
}
for ( i  = 1; i  <= range; i++, C + + )
{
if (c >= MAX_COLOURS)
dieOToo m any colours"); 
coltab[c].red = (int) (r * COLOUR_MAXF);
coltab[c].green = (int) (g  * COLOUR_MAXF); 
coltab[c] .blue = (int) (b * COLOUR_MAXF); 
coltab[c].type = COLOUR_EXACT; 
r+= rinc; 
g + =  ginc; 
b += bine;
ncolours = c;
i f  (P a letteR eq u est(w in list[w in n u m ].p an el,
coltab, ncolours) != ncolours)) /*used to request a number of */
dieC'Cannot assign enough colours"); /* ...colours from the palette */
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